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This thesis examines the potential of dissociated methancl to 
increase the thermal efficiency or reduce the exhaust emissions 
of an internal combuEtion engineo It is assumed that liquid 
methancl will be dissociated ontoard a vehicle using engine 
waste heat to produce a gas consisting of hydrogen and carbon 
monoxide in a molar ratio of 2:1. 
Tests were conducted on a single cylinder engine using liquid, 
vaporised and dissociated methanol fuel s. The dissociated 
methanol was derived from bottled h ydr o ge n and carbon monoxide. 
Indicated thermal efficiency together with methane, methanol 
and formaldehyde exhaust emissions were measured. The effect 
of the carbon monoxide in the dissociated methanol on efficiency 
was investigated by operating the engine on both hydrogen and 
carbon monoxide sep2rately. 
The results for thermal efficiency showed that the presence of 
carbon monoxide resulted in a lower efficiency than for pure 
hydrogen. However, if the waste heat recovered in the 
rlissociation reaction is not included in the calorific value 
of the fuel, then dissociated methanol offers a significant 
improvement in thermal efficiency compared to liquid methanolo 
Vaporised methanol offers efficiencies comparable to dissociated 
methanol for mixtures leaner than stoichiometric, again bene-
fitting from the recovered heat o 
The results for exhaust emission s sho wed that methanol and 
formaldehyde emissions were effectively eliminated and methane 
emissions significantly reduced with dissociated meth2no l 
fuelingo Vaporised methanol fueling reduced emissions of 
these species to approximately+ of the value with liquid 
methanol fueling . NOx emissions may be expected to increase 
for both vaporised and dissociated methanol . 
Preliminary design considerations indicated that there is 
probably insufficient high temperature energy in the exhaust 
gas to dissociate all the engine's fuel requirement. As a 
result it was concluded that while vaporised methanol could not 
ii 
match the increase in efficiency or the reduction in exhaust 
emissions of dissociated methanol, its greater practicability 
fo r onboard implementation probably makes it a better candidate 
for future development. 
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1. INTRODUCTI ON 
Literature published on r esearch into methanol as a fuel for 
intern a l combustion eng in es has concentrated almost exclusively 
on i ts performance as a liquid fuel. However, it is well known 
that methanol can b e dissociat e d to hydrogen and either carbon 
mono x ide or carbon dio x ide. The present investigation is 
concerned with the dissociation of methanol to hydrogen and 
carbon monoxide, represented by the following reaction: 
CH
3
0H ~ 2H 2 + CO 
Two factors are of importance in such a dissociation reaction: 
(i) The reaction is highly endothermic. This reaction 
may be effected using waste he at which would otherwise 
be rejected from the combustion cycle. This in 
itself should b e responsible f or an increase in the 
thermal efficiency. 
(ii) The product gas is rich in hydrogen. The combustion 
properties and characteristi c s of the gas mixt ure have 
been reported to be similar ta those of pure hydrogen, 
which is accepted as having a particularly high thermal 
efficiency at lean fuel-air ratios. 
Initially, these benefits were seen in isolation. The use of 
an endothermic dissociation reaction specifically to recover 
waste heat was probably first employedr with gasoline as the 
fuel, in the Boston Reform ed F uel Car lllo But it was the 
hydrogen rich composition of the dissociat e d methanol product 
gas which led researchers in the field of hydrogen as a potent ia l 
automotive fuel to the concept of methanol dissociation as an 
efficient means of onboard hydrogen storage for vehicle appli-
cations [2, 31. 
It appears that three criteria must be investigated before a 
decision can be made regarding the potential of onboard 
dissociation of methanol: 
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(i) Practicability of dissociation onboard a vehicle. 
(ii) Effect on overall thermal efficiency 
(iii) Effect on e x haust emission 
Regardins the practicability of onboard dissociation, it has 
already been shown to be thermodynamically and technically 
possible [4]. At present, much more development is needed 
before an optimum system can be reached . It would be 
advantageous if the need for such development could be 
definitively established before ccmmencement of the develop-
ment work . That is, if positive trends in thermal efficiency 
or exhaust emissions fallowing dissoc ia t i on were proven, 
development of a dissociation re ac to r fo r o nbo ard use could 
be justified. 
Fortunately it appears that meaningful indications of trends 
in thermal efficiency and exhaust emission~ for operation on 
dissociated methanol can be obtained without incurring the 
development cost of a dissociation reactor by operation on 
bottled hydrogen and carbon monoxide. This report presents 
the results of such an investigation. The results of both 
previous work and the present investigation are used to 
determine the potential of dissociating methanol as a means 
to improving thermal efficiency or reducing exhaust emissions . 
In addition , attention is given to the benefits that may be 
achieved by vaporising the methanol, a procedure seen as 
offering most of the benefits of dissociated methanol , but on 
a reduced magnitude. Finally, consideration is given ta the 
design of a system capable of dissociating methanol onboard a 
vehicle. 
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2. PREVIOUS WORK ON E~GINE EFFICIENCY 
2.1 Introduction 
Ore difficulty in assessing the potential improvements in 
thermcl efficiency with dissoci a ted methanol fueling is the 
unique composition of the fuel. Reports on the performance 
07 the hydrogen and carbon monoxide mixture are extremely rare. 
However, the combustion performance of the mixture has been 
reported to be similar to that of hydrogen [41. This was 
substantiated by showing the similarity between hydrogen and 
dissociated methanol f or c er ta i n co mb ustion par a meters. 
Table 1 is a comparison of selected combustion parameters for 
methanol, hydrogen and dissociated methanol [4, 51. Unfortu-
nately there are no published results for operation on carbon 
monoxide, so the actual effect of carbon monoxide on the 
combustion performance of the hydrogen in the product gas is 
not known at this stage. 
Table 1: Comparison of Combustion Parameters at 
Ambient Conditions 
Parameter 
Laminar flame speed (m/s) 
(stoichiometric mixture) 
Minimum ignition energy (mJ) 
(stoichiometric mixture) 
Equivalence ratio for lean 
combustion limit 










0 , 13 
N/A 
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Thus it appears th2t engine performance on dissociated methanol 
can be predicted from perfcrmance on pure hydrogen. This 
approach has been adopted in th e discussion that follows. 
2.2 Improvemerts in Combustion with Hydrogen Fueling 
Oxidation of hydrogen is governed primarily by relatively fast, 
nearly thermally neutral bimolecular branching chain reactions. 
By contrast, hydrocarbon oxidation involves thermal chain 
mechanisms due to the slower endothermic reactions associated 
~ith the fuel breakdown. As a result of this non-thermal 
chain branching process in hydrogen, it ha s wid e flammability 
limits , relatively high flame speed and lci~ ign it ion energyf5]. 
The potential improvement s in thermal efficiency offered by 
hydrogen over methanol have been ascribed to numerous factors. 
The effect of all thes e factors will now be considered. 
(i) The thermodynamic cycle of hyd rogen fueled engines is 
closer to the theoretical Otto cycle than that of 
(ii) 
methanol f ueled engines. The reason for this is 
the higher flame speed which makes combustion closer 
to top dead . centre possible. Turbulence in the 
cylinder should increase the laminar flame speed 
of hydrogen and methanol by the same ratio, result-
ing in an in-cylinder flame speed five times higher 
for hydrogen. 
The wide flammability limits of hydrogen permit 
satisfactory operat ion at much lean er mixtures 
than with methanol. Hydrogen engines in automot ive 
applications are commonly run at an equivalence 
ratio (the actual fuel-air ratio divided by the 
stoichiometric fuel-air ratio) of 0,6 l41while for 
~ethanol engines this value is 0,95 [61. This 
improves the thermal efficiency directly since the 
ratio of specific heats is increased and the degree 
of dissociation following combustion reduced as a 




There is no inad eq uate vaporisation with hydrogen as 
o c curs with liquid metha nol. Liquid met h ano l tha t 
condens e s on the cylind e r wal ls will be in a thermal 
and hydrodynam i c boundary layer and ma y well escape 
react i on , to be swept out of the cyl i n der with the 
exhaust gas as unburnt fuel . 
Complete combustion occurs even v ery near the 
cylinder walls with hydrogen as a result of the 
very small quench distance . 
(v) Hydrogen diffuse s rapidly to produce a h omogen eous 
(vi) 
mi x t ure in the combustion c hamber. In cont rast, 
the non homogeneous charge occuring with liquid 
methanol will contain pocke ts of mixture too rich 
for complete combustion. 
The wide flammability limits also make it possible 
to vary the equivalence ratio over a wide range 
under vehicle operating conditions: 0,4<~<1,l. 
This characteri s tic of hydrog en makes it possible 
to use quality governing to regulate the power 
output - throttling losses may be nearly eliminated 
by throttling o n ly the hydrogen and admitting t h e 
air unthrottled to the engine . At 50% load the 
power wasted through throttling may be equivalent 
to as much as BO% of the brake power [ 8] Many 
of the spectacular claims made for improvement in 
brake thermal efficiency in multicylinde r automotive 
applications have e x ploited thi s fact [9, 101. 
(vii) The absence of carbon in the fuel results in a flame 
with very low luminosity. This reduces heat loss 
to the cylinder walls by radiation . Unfortunately , 
in this respect dissociated methanol will have no 
advantage over liquid methanol. 
(viii) It has been proposed that the reason for the higher 
thermal efficiency of methanol compared to gasoline 
is due to the dissociation of methanol to hydroge n 
and carbon monoxide in the combustion chamber during 
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compression. The combustion of the hydrogen and 
carbon monoxide was then believed to be responsible 
for the improvement in efficiency Ill] . This was 
shown to be incor rect s ince the calculations for the 
di ssoc iati on reaction were based on equilibrium 
conditions a nd neglected the presence of air . 
Insufficient time is available for equilibrium to 
be reached and actual measurements showed that 
hydrogen and carbon monoxide were absent both 
during compression and immediately ahead of the 
flame front I12] . 
2 . 3 Difficulties Associated with Hydrogen Fueling 
A problem that is experienced with gaseous fuels is the displace-
ment of air by fuel in the fuel-air charg e . In other words, 
there is a loss in the volumetric energy density of the charge. 
Theoretical comparison of volumetric energy dens i ty for 
stoichiometric mixture s of hydrog e n an d methanol (with the 
methanol remaining essentially as a liquid in the inlet manifold) 
indicates a 20% loss for hydrogen. There is no indication in 
the literature that this will in any way reduce the indicated 
thermal efficiency . Certainly, brake thermal efficiency will 
be reduced since friction losses will constitute a larger 
percentage of the power developed. 
This problem of reduced power output with hydrogen is made more 
acute if it is desired to operate in the lean r egion at rated 
output . This can be dealt with by improving cylinder charging, 
for instance by injecting hydrogen after the inlet valve has 
closed or by turbocharging [131. 
Undesirable combustion is a characteristic which has frequently 
been reported with hydrogen. The cause and effect are 
inextricable in a l~rge number of conflicting reports . The 
only coherent outcome appears to be the need to operate hydrogen 
fueled engines at compression ratios no higher than 8 with 
mixture strengths below stoichiometric if engine operation is 
to appear similar to that on gasoline. 
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Thus far hydrogen and dissoci8ted methanol have been regarded 
as having similar combustion performance . There is, however, 
one significant differen ce : for hydrogen and liquid meth2nol 
the number of moles of t h e stoichiometric mi x ture decreases bj 
approximately l5% due to combustion before post flame dissocia-
tion occurs. For dissociated methanol the figure is 33%. 
Considered in isolation, this would reduce efficiency by 21% 
in comparison with hydrogen or liquid methanol . 
2~4 Results from Previous Investigations 
The object of this section was to establish the relative thermal 
efficiency as a function of equivalenc~ ratio for liquid, 
vaporised and dissociated methanol (or pure hydrogen) from 
previous investigations. 
This approach presented several problems: 
Ci) The type of engine varied from single cylinder test 
engines to multicylinder automotive engines in 
different reports. 
(ii) The compression ratios varied from 5 to 12. 
(iii) Only one report covered the performance of both 
liquid and dissociated methanol (bottled hydrogen 
and carbon monoxide) [ 141 . 
(iv) Two further reports cover the performance of 
dissociated methanol [4, 151. However, the 
data in one of these reports is incompatible 
with the present data I 151. 
Fortunately there is sufficient published information to enable 
two of these problems to be resolved. The effect of engine 
type was not amenable to the treatment used below, but was 
limited to only a few reports. 
The problem of lack of results for dissociated methanol has 
already been resolved by the assumption that performance on 
hydrogen and dissociated methanol are comparable. The problem 
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of different compression ratios was resolved by establishing 
the effect of compression ratio on efficiency. Sufficient 
wor k has been pub l is he d on the effect of compression ratio on 
efficiency to enable a representative trend to be established. 
Least square s ex ponential regression was applied to the results 
in [ 16, 17 , 18 l, all from single .cylinder test engines, to 
obtain an expression relating the compression ratio and 
efficiency: 




4 , 26 + 0,511 
compression used in the investigation 
indicated efficiency at a compression ratio of CR 
indicated efficiency co rr ect e d to a compression 
ratio of 8 
Unfortunately it is extremely rare for comparative tests to be 
performed on hydrogen and methanol. However, results from each 
tested separately are readily available in published literature 
and by second order polynomial lea s t squares regression, repre-
sentative cu rves relating eff i c ienc y to equivalence ratio may be 
obtained separately for methanol and hydrogen. 
Results from single cylinder engine tests were selected for this 
task since they offered both a direct comparison with the results 
from the present investigation and are generally obtained under 
more stringent experim8ntal conditions than results for multi-
cylinder engines. 
2.4.l Results for Liquid Methanol 
The results from four investigations were used to establish the 
relationship between equiva l ence ratio and efficiency for 
methanol, figure 1. It can be seen that while the trend in 
efficiency with equiv al ence ratio is the same for all reports, 
there is a significant difference in the values obtained for 
efficiency. The difference between the highest and lowest 
values is approximately 14% of the measured efficiency . The 
cause for this discrepancy may lie either in the definition of 
efficiency or in the experimental method . 
In the definition of efficiency there is no agreement on whether 
the net or gro ss calorific value of the fuel should be used. 
9 
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While generally the net value is used, it is also permissible 
to use the 6% higher gross value. 
value was used. 
Few reports indicate which 
Considering now the e x p e rimental me thod, all the investigations 
used Co-operative Fuels Research (CFR) engines with wide open 
throttle and the spark timing set to the minimum advance for 
best torque (MET). Compression ratio was corrected to 8 by 
the method developed previously. Mixture preparation in the 
intake system appeared to cause some difficulty in all the 
investigations. The high latent and sensible heats for 
methanol together with low volumetric ene r gy d e nsity means 
that for co mparable po we r ou t put, t he metha nol-air mixture 
requires nine times the heat of a gasoline-air mixture to 
achieve complete vaporisation. To compensate for this, various 
degrees of air preheat were used upstream of the carburettor in 
all investigations. However, Hilden and Parks [19] produced 
results for the two extremes, no air preheat and complete 
vaporisation. The change this caused in efficiency is in-
significant compared to the difference between different 
investigations. 
One remaining aspect concerns the fact that indicated efficiencies 
are being considered. This implies that some means of measuring 
the indicated power of the engine was employed. Mention was 
seldom made in the reports of how this was done, although it is 
generally either obtained directly from a pressure-volume 
indicator card or by adding the friction power to the brake 
power. Indicated effi c iency mea s u re d by thes e t wo methods 
should not, however, differ by more than about 2% [17]. 
Further than this 1 discrepancies must be due to an accumulation 
of relatively small uncertainties inherent in the different 
experimental procedures. 
2.4 . 2 Results for Hydrogen 
Again results from four investigations were used to establish 
the relationship between equivalence ratio and efficiency for 
hydrogen, figure 2. As for methanol there is a significant 
difference in the values obtained for efficiency and in addition 
11 
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the trend in efficiency for equivalence ratios less th a n 015 
also diffe r s . 
Concern in g experimental condition s , the engine speeds , spark 
t i ~ ing and throttle setti, · g were as for the methanol tests . 
Three of the engines were CFR eng ines, while Rica r do [241 used 
a Ricardo engine . Sin c e indicated efficien c y is a measure o f 
the power deliv e red to t h e pis t on , differe nt fricti o n losses 
will n et affect the results. One differ P. nce between engines 
which may be significant is the shape of the combustion chamber. 
In the CFR engine this is disc shaped, with a flat cylinder 
head an d flat piston wh ile the Ricard o had a convex piston 
with a flat head. This difference should favou r the CFR 
eng ine wi th regard to efficiency, although the results indicate 
the opposite. 
In consider ing the discr ep an c ies in efficiency, it is important 
to not e that the high flame speed and low ignition energ y of 
hydrogen may give r i se to undesirab le comtu st ion phe no men a, a 
subject which will be dealt with l ater . For the present it is 
sufficient to n ote that numer ou s r e lativ ely mino r modifications 
were made to overcome problems such as backfiring down the intake 
system and knocking. Thus three of the investigations were made 
using hydrogen-air mixtures blended before the intake v alve while 
Homan [25] employed direct cylinder injection of hydrogen after 
the closing of the inlet valv e . 
All the investigators had their own unique methods of ensuring 
the absen ce of hot spots within the combustion c hamb er ; for 
instance, Kin g [ 221 used so dium cooled exhaust v al v es. These 
measures were instituted . to achieve normal combustion and no 
attention was paid to their effect on efficiency. 
These engine modifications are also suspected of being the reason 
why two of the curv es drop for equivalence ratios less than 0,4 
while the others continue to rise. Specifically, these modifi-
cations are belie v ed to infl ~en c e the equivalence rati o at which 
misfire occurs. 
The equivalence ratio for coherent upward propagating flame s is 
0,24 under conditions of standard t empera ture and pressure. 
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Once the mixture in the cylinder at ignition becomes leaner than 
the flammability limit, misfires may be expected with increasing 
frequency as the equivalence ratio is further reduced . 
Now the efficiency may be expected to ri~e, although at a 
diminishing rate, as thE equivalence ratio is reduced until 
misfire occurs. At this point unburnt fuel is expelled through 
the e x haust and the re is a sudden drop in efficiency . With 
methanol , misfire is commonly first detected at equivalence 
ratios between 0,7 and C,B. This means that an engine running 
on methanol will have an indic2ted mean effective pressure of 
the order of 8 bar, while on hydrogen this value will be between 
1 a nd 2 bar . Th is is of sign ifican c e i n ter ms of how uns table 
the engine is at misfire. 
Because of the interest in re gul a ting the power output of hydrog en 
engines by quality governing a lon e , the engines have been oper a t ed 
at extremely lean mixtures, th e only limiting factors being "un-
stable op erat ion" and "misfire" th es e two terms being used inter-
changeably. However, from the author's experience a misfire 
frequency a s low as l in 100 when op e rating on methanol is more 
easily detected by the operator th an a misfire frequency as high 
as l in 5 when operating on hydrogen. When a hydrogen engine 
beg i ns misfiring there is in fact no apparent loss in stability 
of ope::-ation . 
Thus it i s believed that both Stebar and Parks (23) and Ricardo 
{24] were operating in the true misfire region for equivalence 
ratios le ss than 0,4 which would account for th e sud den drop in 
efficiency. 
The curve fitted to all the hyd r og e n results by a second order 
pol ynom ial does not show th1s reduction in efficiency at very 
lean mix tures. 
2.4.3 Results for Vaporised Me thanol 
Th e problem of supplying sufficient heat for adequate vaporisation 
of the liquid methanol-air charge has already been mentioned . In 
this regard, a gaseous fuel has the advantage of achieving a 
ne ar ly homogen eo us charge in the cylinder at ignition and does 
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not suffer from the problem of liquid fuel escaping reaction in 
the quench zone surrounding the cylinder walls . It appears 
that vaporising the methanol befo r e admission to t he cylinder 
might thus offer a gain both due to improved combustion and 
recovery of was t e heat to achieve vaporisation. Accordingly9 
results from previous investigations were sought . 
One investigation was carried out by Hilden and Parks [19] and 
the results are recorded together with th os e for liquid methanol 
in figure 1. No indication is given in the report whether the 
calorific value of the methanol used in the calculation of the 
efficiency is for the liquid or the vapour. The heat of 
vaporisa tion corresponds to approximate l y 6% of the lower 
calorific valu e for liquid methanol. Thus, if the calorific 
value used in the calculation was for the vapour, then recovery 
of waste heat to vaporise the fuel wo uld be equivalent to an 
increa s e of approximat e ly 2 p e rcenta ge points in efficiency i.e. 
the efficiency would now be approximately 1 percentage point 
above the efficiency curv e for liquid methanol . 
A second investig a tion was carried out b y Mischke [17] who used 
a six cylinder direct injection di Rs el engine convert ed to spark 
ignition . The investigation concentrated on quality control of 
output in the upp er load range and efficiency there was reported 
to be comparable to the diesel engine. Results of brake specific 
fuel con s~m p t ion with equivalence ratio were pr ovided only for 
methanol v apo ur. Since this engine has an unknown relationship 
to the single cylinder test engines referred to previously. The 
results were regarded as incompatible. 
2.4.4 R~sults · for Dissociated Methanol 
Three investigations of dissociated methanol were found in the 
literature. Pefley [14] and Inagaki [41 produced results for 
single cylinder engines running on bottled hydrogen and carbon 
monoxide at similar compression ratios. Pefley used a CFR 
engine running at 900 rpm while Inagaki used an engine of 
unknown type wit h 20% less swept volume and running at 1 600 rpm. 
These two sets of results are shown in figure 3. 
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At this poin t it i s necessary to consider the fact that the 
e n ergy required to dissociate l i quid methanol is equivalent 
to 20% of the net calorifi c v al ue or dissociated methanol has 
120% of the energy of liquid m~tha nol on an equal mass basis. 
S o once again uncertainty arises as to what calorific value the 
investigators have used in the efficiency calculation . 
Considering Inagaki's results, there are two reasons to support 
the belief th2t the calorific value for liquid methanol was 
used in the efficiency calculation: 
(i) The efficiency already exceeds that of certain of 
the results quoted previously for pure hydro gen. 
(ii) The case for onboard dissociation of methanol was 
being presented and efficiency would thus have 
been pr~sented iri the most favourable manner 
possible. 
Now , if Pefley's results are assumed to be based on the calorific 
value of the hydrogen and carbon monoxide mixture then correcting 
them to a base of liquid methanol brings them into agreement with 
those of Inagaki, figure 3. 
Another aspect in which Pefley's results raise doubt is the way 
in which the efficiency curve flattens out at an equivalence 
ratio of 0,7, · suggestin~ the le~n misfire limit was being 
approached. In view of the wide flammability limits for hydro-
gen this is a most surprising result . 
The third investigation, by Finegold 1151, deals with a four 
cylinder engine running on the product gas from the dissociation 
reaction. Results were provi~ed for bra ke thermal efficiency 
as a function of torque in comparison with gasoline at a speed 
of l 000 rpm. Maximum gain (48%) occurred at about maximum 
torque, which was estimated to occur at an equivalence ratio 
of 1 ,1. In order to relate this gain to methanol, the four 
investigations used previously to derive the methanol results 
were used to derive a representative efficiency for gasoline. 
From this curve, a 48% gain in efficiency over gasoline at an 
equivalence ratio of 1,1 translates to an absolute indicated 
efficiency of 42,9%. After co rrect ion from a compressio n ratio 
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of 14 to compression ratio of 8, the efficiency is 37,9%. This 
is some 26% above the efficiency obtained by Inagaki and appears 
unrealistic. 
Finally, the results for efficiency of the different fuels are 
presente d in figure 4 , the result s fo r dissociated methanol 
being th ose quoted by Inagaki but with the curve smoothed to 
that of a second order polynomial. 
2.5 Summary 
The effect of vaporised and dissociated methanol on thermal 
efficiency was ob scured by the uncertainty in the c alorific 
values of th e fuel s us ed in the calculation of efficiency . 
However, it was clear that hydrogen fueling was marginally 
less efficient than liquid methanol fueling at the same 
equivalence ratio. This was surprising in view of the 
improvement s in combust ion pe rf ormance which ac compa ny hydrogen 
fueling. Clearly, this was a point th at warranted further 
investigation. 
It appears that the addition of carbo n monoxide to hydrogen 
will further reduce engine efficiency. Ultimately, only the 
recovery of waste heat may increase the efficiency for dissociated 
methanol above that for liquid methanol. 
The potential of vaporising methanol as a means of waste heat 
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3 . PRE VIOUS WORK ON EXHA UST EMI SS IO NS 
3 .1 Introduction 
There ar e a l a rge nuDber of s p e ci e s wh ich may b e identified in 
the exhaust of a metharol f~el e d eng in e , many of them only in 
tr ace concentrations. Two simple criteria may be used to 
establish which species warrant further investigation: 
(i) Species which are closely related to the completeness 
of fuel oxidation. The se were identified as carbon 
monoxide and me thanol . 
(ii) Species which are to x icologically or e nvironmentally 
important. These were id ent ified as oxides of 
nitrogen (NOx) and aldehydes . 
Results from previous investigation s wil l b e used to establish 
.the trends in these emissions with eq u i val en ce ratio. There are 
two reasons why results from diff erent investigations cannot be 
meaningfu lly combined, as was don e with efficiency: 
( i ) 
(ii) 
Differences in test equipment. For repeatable 
emissions measurement, it is extremely important 
that experimental conditions be as nearly identical 
as possible. Factors such as combustion chamber 
shape are known to have a significant effect on 
emissions. This influences both the magnitude and 
trend of the methanol and aldehyde curves. 
Different met ho ds of analysis. While analysis of 
carbon mono x id e and NOx is characterise d by a uniform 
approach, this is not tru e for methanol and aldehydes. 
Each investigation has it s own equipment and procedures 
for measuring me thanol and aldehydes and unfortunately 
result s clearly refl ect this . 
As a result it was decided simply to present th e separate results 
from at leas t four investigations of liquid methanol which had 
the greatest similarity in test equipment and procedures. In 
addition, redu ~tion in em i ss ion s reported by Hilden and Parks 
[19 ] for v apor ised methanol and Pefley [14] for dissociated 
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methanol will also be prese nted. The results from the excellent 
wo rk by Hilden and Parks ar e unfortunately re p orted in mass 
spec ific unit s . The volum e tric eff ici e n cy nee ded to convert 
these to concentrations was d er iv ed from the work of Ebersole 
and Mann in g [ 2 11 on a similar e ngine. The discussion that 
fo ll ows considers the so urc e and concentration of each species 
separately . 
3.2 Carbon Monoxide Emissions 
3.2 . l Source of CD Emissions 
Carbon monoxide is an i n t e rm e di a t e p r o d uct in t he combustion 
process. In mixtures richer than stoichiometric there is 
insufficient o x ygen av a ilable for the compl e te oxidation of 
the carbon in the fuel and carbon mono x ide is found in the 
exhaus t in the concentration of a f ew volum e percent. In 
mixtur es leaner than stoichiometric there is excess oxygen 
a0ailable but two factor s are responsible fo r the presence of 
carbon monoxide in the exhaust g as : 
(i) Carbon dio xi de dis s oci a t es to carbon mono x ide and 
monatomic oxygen at th e peak cycle temperature. 
The recombination in the expansion stroke i s 
beli e v ed to be incomplete [271. 
(ii) As a result of the nonhomogeneous fuel-air charge 
there will be pockets of mixture that are locally 
rich and will be incompletely o x idised. 
Carbon monoxide is gen era lly present in concentrations less than 
1/10 volum e percent in thi s region. Since carbon monoxide has 
a high er calorific v a lu e than hydrogen on an equal volume basis, 
its pres ence in the e x hau st ga s is clearly undesirable from an 
efficie ncy point of view. 
3 . 2.2 Results for CD Emissions 
The results from the lit erature figure 5, show the rapid rise in 
carbon monoxide emissions a s th e mixt ure becomes richer than 
stoichiometric. The reason for the higher values reported by 
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other investigations used MET spark timing, Harrington main-
ta in ed th e timing at 15° ETDC (before top dead centre) throughout 
and claimed that spark timing did not affect carbon monoxide 
em is s ions. Ho ~ ever, at lean mixture s this spark timing will 
resu lt in most of the combustion occuring after top dead centre, 
thus missing the benefit of squish created as the piston 
approaches top dead centr e . 
Figure 9 shows that a significant reduction in carbon monoxide 
emissions may be expected to accompany vaporisation of the 
methanol . This is probably as a result of the more homogeneous 
fuel-ai r charge in the cylinder. Figure 10 shows that carbon 
monoxide emissions may be expected to incre a s e with dissosiated 
methanol fueling and mi x tures close to stoichiometric . The 
only explanation appears to be a high e r peak combustion 
temperature which would promote the dissociation of carbon 
dioxide to carbon mono x ide. 
3 . 3 Oxides of Nitrogen Emissions 
3.3.1 Source of NOx Emissions 
Nitric oxide (NO) is formed within the combustion chamber at the 
peak combustion temperature and persists during expansion and 
exhaust in nonequilibrium amounts. Upon exposure to additional 
oxygen in the atmosphere , nitrogen dioxide (ND2) is formed [ 28] . 
This has a dark brown colour and is one of the chief elements 
in photochemical smog. 
The dependen ce of NO formati on on peak combustion temperature 
may be explained through th e Zeldovich chain reaction mechanism 




This mechanism postulates that at elevated temperatures in the 
cylinder the mol~cular oxygen dissociates to atomic oxygen which 
reacts with molecular nitrogen to form nitric oxide and atomic 
nitrogen. This atomic nitrogen in turn r ea cts with molecular 
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oxyge n, forming nitric oxide and atomic o x ygen. 
3 . 3.2 Results for NDx Emission s 
The results for NOx emissions clearly show the correlation 
between NO formation an d p eak combustion te~perature . Figure 6 
shows that peak NDx concentration occurs near stoichiometric 
mixtures where pea k combustion tempe ra ture is high e r than for 
lean or rich mixtures. 
The results obtain e d by Ebersole and Manning [211 probably 
reflect differences in method of analysis ra th er than actual 
difference s in NDx e missions . While al l th e other in v es tiga -
tions u se d chew.ilumin es c ent detection methods involving continu cus 
reactio n wit h ozon e a n d detection cf emitted photons , Ebersole 
and Mannin g used a colorimetric r eagent . 
Both vapori se d and disso c ia te d metha nol s h ow a considerable 
i ncrease in NDx emiss i o ns, par ticular l y near st o ichiometric 
mixt ures . This is th e penalty for incre as ing the energ y in 
the intak e charg e whi c h results i n in creased c yl inder tempera-
ture s . 
3 . 4 Unburnt Fuel Emis sio ns 
Unburnt fu el (UBF) emission s from g a soline fueled engines are 
usually described a s hydroc a rbons. That description would be 
incorrect for methanol fueling since a l arge fraction of the 
unburnt fu el is e xpe ct ed to be o xyge na ted. By convention , 
UBF em i ssions then includ e any portion of t he fuel which escapes 
reaction, together with hydrocarbon compound s either gerierated 
in th e combustion proce ss or resulting from oil ingestion . Note 
that aldehydes are of special interest and are reported separately 
from UBF emissions . 
3 . 4 . l Source of UBF Emis s ion s 
UBF emissions may arise from two s ources I29] : 
(i) wall quenching 
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As the le a n mi sf i re limit is approached, incomplete combustion 
is th 9 most import ant so urce, but under noimal operating 
c o nditions i t i s wa ll qu e nching that i s the pred omin a nt source . 
Wall quenchi ng is a comb ust ion phenomenon which arise s when a 
flame tr i es to propagat e in the vicinity of a wa ll. The effect 
of the wa ll is a slowing do wn or s topping of the reaction . 
Wall quenching results both from chain breaking reactions and 
from the cooling of the layer of charge adjacent to the wall by 
the cool wall . During the exhaust stroke, turbulence in the 
cylinder scours the unburnt fuel from the wall quench zone and 
sweeps it out with th e r est of th e exh aust gas . Wall quenching 
is clearly evident in the UBF emi s sions fro m r ich mixt u res . 
Incomplete combu s tion is known to increase significantly in 
lean mixtures approaching the le an misfire limit . It has been 
suggested that during cer tain cycles a flame kernel is formed 
but fails to dev e lop into a full flame fr ont, i.e. bulk quenching 
has occured [301. In fact, if bulk quenching d id not occur, 
there would be a much s teeper ri se in UBF emissions at the lean 
misfire limit, since this i s g eneral ly defined as the equiva-
lence ratio at which a certain percentage of cycles completely 
fail to burn. 
3 . 4 . 2 Detection of UBF Emissions 
The discrepancies in the results from published literature 
provide a good opportunity to discuss the techniques employed 
to measure unburnt fuel. 
Measurement of UBF emissions is usually carried out by flame 
ionisation detector (FID). While each hydrocarbon atom has a 
unique r esp onse to the FID, the response of most paraffins, 
olefins and aromatics is within 10% of the response to propane , 
the standard calibration gas. However, the response to oxy-
genated hydrocarbons is significantly lower , from 50% to 90% 
of that for propane in the case of methanol [ 31] . The response 
varies both from instrument to instrument an d with operating 
conditions , such as the hydrogen : air ratio of the mixture 
supplied to the flame. 
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Since the par a ffinic and oxygenated hydroc arbons are ionized 
s imultaneously, it i s necessary to ca librat e a particular 
instr ument for t h e expected ratio of paraffinic to o x ygenated 
h y drocarbons in the exhaust gas. 
gat ion follows i ts o wn procedure: 
This i s wher e ea c h investi-
(i) c al ibrate for paraffinic hydrocarbons [371 
(ii) calibrate for oxygenated hydrocarbons [211 
(iii) calibrate for mixture [191 
Procedu r es (ii) and (iii) are both acceptable since paraffinic 
hydrocarbon s compose only a small percentage of total UEF 
emissions [191. Pef le y 1141 and Ito and Yano [32) performed 
the analysi s on gas chromatographs equipped with flame ionisa-
tion detectors but her e the spe cies are separated before 
introduction to th e FID, so it is simply a matter of calibrating 
the FID for each individual species. 
3.4.3 Results for UBF Emission s 
The results from previou s investigation s , f igure 7, show evidence 
of wall quench and incomplete combustion. The results of Hilden 
and Parks [191 and Ebersole and Manning [211 probably represent 
the extremes in mixture preparat ion, rather than analysis proce-
dureo While Hilden and Parks used the standard mixture pre-
paration system of the CFR engine, Ebersole and Manning used 
high pressure methanol injection to achieve atomisation just 
ahead of a methanol-air mi x ing chamb e r. · 
Figure 9 indic a te s that there will be a substantial reduction in 
UEF emission s accompany in g vaporisation of the methanol. This 
follows fro m a more hom o g ene ous fuel-air mixture with no liquid 
fuel in th e wall quench zone. Figure 10 shows similar reductions 
in UEF emissions for dissociated methanol. It should be noted 
th a t although the comparison i s with liquid methanol in both 
cases, the UEF emissions for these two investigations differ 
significantly, as shown in figure 7 . 
While the interest in UBF emissions in th e present investigation 






1500 t--t-i rt-·-.-· ..-::.,-=-i--:=."=tt-=:.-:.-=;_-::., .++---L-+-'-..--+--+-' ~~--__,-_::::;_:>--- -·- . _ ~--_ -l =_._;_·--:-+- ..L./ ......... ....__ .. _ 
' I ---,-...----.---- __ ,.. __ ~---t:- I I I / ~-.-t-+-t-t-++ 
- -.. - 1 i I 
..-+-,-,-'-...-' _._.,_.-+~-+-+-,-..-t-,-..-1-+-+-+..,....,-+-t-f-+-+-+-+-IIH--t-h--++-,-,..-,-----' 1'f --t-f-+-+-+-+-+t 
! ~tt~~~!~t::~:t~~;1:tt~~~!~:t ~~tt~tt~~tt~tt:~:11:1t:14.;1J:;, _;-_:!-;'.;J;-;_;0 .:-:;_:-_:-_:-~1H_,_.,--_,...+-i-,-.. - Y..·,,l,'++-t-+-l-~-r 
r f-+-1~-+-.,...;-f--f--'l-r-t-,-......_+-'-\-+-l-f-+-l---i-l -l-L
1
+-l,-~~:--'-,ll---i:-+-.-,-+l ~!-++-,-~-+-,--l,--l ~-++-i-rl -~1 i+-J,--1-+...f-+-l-t-~ 
100 0 t-+-+-f----...... -+--~-...--- 1-..._-+-'-I _..I ..,_,:_,_.,...+-+-,_...-;--1-+-:-,'-++---1---'-'-, -+I~- I f ~~' +-'-'--r-+ 
I I I I I I . I I I i r'1~·-,:--;-,...~•-t-I '' 
0 
H -++-lf-++-f-+-l-l--'-,.-+-+-++-11-+..,_l---i--<1-+-+-f-+-+---l-, •-i-+-1-++-f-+-+-+-+-++-1-++-'-+-,'-+-+ il-1--i-l-+-+-+I-++ I ' -t-+-,.-+-+11~_..._,_,_-+-r~ 
+-f-++-ir++-f-+-l-i--'-+-+-i-++-ii-+-'--f-+-<:-++-f-+: -1--'-, 1 1-i-+-l-++--+-i-+-+-++;-+-+-+-i-+-l:i-+-+ il-j-+-1-,.--i-L,. ,1/;~t-+-,-,I . +-"-t--+-+--~ 







I I I I 
' 
' I I 
I ! I I I I .I' I I I I I 
+-!-++-1-++-1---i--+l +J_._,.i -,.- ,-l ;l-+-+->-+-+-..-.-+--+-<-+-+:-+-+-l-+--+-,-.....II ~1 ..... _._,.1/_~/,_+-+ ':-+-:, --<l-+--+-,-.....1-+---+-+---t-I I I I I ' ' I I I : I I I I i / I I,' I I I / I 
I I -.,. I I 
' I I I I II I 
PEFLEY l14] I I I I I I I I I 
I EBERSOLE [ 21] 
:-·~. _; J ·1 ·---~+-, -,--,-t-+-.-+-1-++-1:r+-" :1-++-1-+-+-1-+ 
±: ~~ ~ I~-!~---~~-'--'-++-'-+-, j-t--,-h·-+-i-+ 
1,· - -. -' I - - -•·-+-, '-+•i-,--,-h-+-4-1--r++ 
I 
I I 
,, ~ r:.~ 
, I I I 
I I I I I I I 
' ! I i I I I I I I I I I I I I I I I 
! I I L -...--+--t-r+-11 ~+-" il_t-1 --,--, ' +-,--+-+-'--- t--,--+-r-+----+-,---,- t--,-H--t-t-+-1-+-l-++rt-+++ 
f -+-+·Y-++-1-+--+-1--~+-+---·--''--·~ .... ,-:•_,... ........ I _,__ I ~ --- I - ·-' - - - ' ....--,-+--'--'t-+-t-t-,--+--'-,-~ ... 
0,7 0,8 0,9 1,0 1,1 1,2 \3 
EQUIVALENCE RATIO 
Figure 7 . UBE Emissions from the Literature 
28 
regulated for the purpo se of reducing photochemical smog 
product ion. This means that consideration wi ll ha ~e to be 
given to the photochemical r eactivity of different hydrocarbons 
and oxygenated hydrocarbons in the exhaust before esta blishing 
a meaningful regulatory stan dard or comparing UBF em i ss ions 
fr6m liqu id and dissociated meth an ol , f or instance. 
3 .5 Aldehyd e Emis s ions 
Aldehydes are of concern because they are an eye and throat 
irritant, contribute to photochemical smog production and have 
been id entified as a potential carcinogen I3l l. They are 
particularly significa nt in the context of methanol since a 
methanol fueled engine i s generally accepted to show increased 
aldehyde emissions when compared to a gasoline fueled engine . 
An im portant point is that formaldehyde is an intermediate 
product in the formation of photochemical s mog. Even in 1982 
th e true significa nc e of th e higher aldehyde emiss ions from 
alcohol engines was s till uncert ain {31]. 
3.5.1 Source of Aldehyde Emission s 
The mechanism for the formation of formaldehyde ultimately 
measured in th e exhaust gas i s not well documented. The work 
of Ito and Yano {321 makes an important contribution in this 
field. Their findings indic a te that formaldehyde formation 
begins in the cylinder with the oxidation of methanol that 
escap e d reaction in the wa l l quench zone. Once out of the 
cylinder, further o x idation of methanol ta form a ldehyde occurs 
when the temp erature is in the region of 40 0 - 500°[. Above 
500°[ oxidation of formald e hyd e occurs while b e low 400°[ the 
formal dehyde con c entration remains c onstan t . Difficulty was 
ex perienced in correlating exhaust temperature and formaldehyde 
emis s ions for rich mi xt ur es . 
not hcild for rich mixt ures. 
3.5.2 De tect ion of Aldehyde s 
In fact, the above finding s did 
The major difficultie s in measur ing aldehydes appearing in an 
engine exhaust are primarily due to the l ow concentration of 
aldehydes in the exhaust gas and their high reactivity. With 
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the wost c omm c nly used met~cd s of detectior i t is necessary to 
ccnv e rt an d co nc e ntra te th eee bi g h ly reactive s ubstances into 
mor e stable ccmpoun ~E . Th e th~e e most ~ id e l y used ffiethocs are 
ci s cussed b e~ mv . 
( i ) MB T H ~·J e H : o d l 3 3 ] . T h i s me t h o d in v o 1 v es pas s in g t h e 
e x ha us t ga s thro~gh a r e agent solut ior of 3-met~yl-2-
benzothiazolone (METH). Th e MB TH reagent solution 
ab s orb s the aldehydes present in the ex haust gas, 
con ce rtrates them, and transforms the m into a more 
stable form. The concentration of aldehydes in 
solution is then det erm in ed colorimetrically by 
measuring the optic a l d e ns i ty o f the s olu t ion with a 
spectrophotometer. Optica l density is related to 
concentration of aldehydes by comp2ri~;1 1n 1r;i th the 
optical density of calibratio n Etandards . This 
methoc is generally claimed to measure total alceh ydes 
by assuming t hat a ll a ld e hyd es behave a s form slde hyde. 
An alysis of absorbtion spectr a of fo~ mald e hyde and 
acetaldehyd e obtained by the METH method ind i cates 
th ey pe a k at a d i ff e rent wav e length [34]. This 
ind icates that a ll a ld ehydes do not beh a ve as 
forwaldehyde, but there is sufficient ove r lap in the 
spectra to indicate that acetaldehyde will be dete cted, 
but wit~. a reduced s ensitivity . 
(ii) DNPI-: Me thod {33 ]. Exhaust ga s is passed through a 
solution of 2 ,4-dinitrophenylhy draz ine (D ~PH ) in a 
manner simila1· to that of the METH method. The 
exhaust gas reacts with the DNPH solution to prod uce 
hydrazones . The s e hydrazones are mostly in solid 
fo rm and are stable af t e r separation from t he D~PH 
solutioG, the hydrazones can be analysed gravi-
metrically , colorimetrically or chromatographically . 
( iii) Chromotro~ic Acid Met hoc {34 ]. This method basically 
follows the METH ~ethcd e x cept that th e reagent in 
this case is chromotro~ic acid dissolved i n eulphur ic 
acid . This method mea s ure s exc lu sive ly formaldehyde . 
In the five investi~ations from whicb results were drawn , three 
investigations used the ~E TH n1ethod ~hi l e two further methods 
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were also employed . Pefley [1 4 ] em~l oyed an on~line gas 
chrometograp~ to measure aldehydes directl y witho ut any 
ccrc entratior or stabilisation . The ~u~or te d chrorratogram 
show ed the separation of formaldehyde and detection of 
a cetaldeh yde . 
The difficulty wit ~ such a method is the rapid polymerisation 
of fc~maldehyde to paraformaldehyde (CH2D)n in the presence of 
c, 
1.r.iater vapou::.:- at temperatures as high as 150 C [ 351 . Pera-
formaldehyde woul~ not be detected as formaldehyde on a gas 
chromatograph . Furthermore, it is interesting to observe that 
altho~gh t~is work was published in 1971, this met hod has never 
been UEed in 2ny other published investigation cespite the 
advantages of significantly easier analysis . In fact , an 
investigation conducted by Ecklund and Pefley in 1981 used the 
METH method [ 36 1. 
Ito and Yano [ 32 ] employed ultraviolet derivative spectro~hcto-
metry to measure exclusively formaldehyde . This method had the 
advantage of supplying immediate results. Its failure to 
achieve more widespread usage seems to be due to the need to 
install on - line such a specialised piece of equipment . 
Since Ito and Yano meas ured only formaldehyde, the question 
arises as to the ccrrpatibility of this method with the METH 
~ethc~, which shpul~ show some response to the presence of 
acetaldehyde. Fortuna tely , further investigations have shown 
that the amount of acetaldehyde present in the exhaust from 
~ure methanol fueled engines is toe small to be detected by the 
MBTH method 134 1. 
3 . 5 . 3 Results for Formald ehyde Emi_§_§ions 
The results frorr previous investigations are shown in figure 8. 
Three of the most 1.r;ide l y spaced results (Hilden, Pischinger and 
EbersolE) were obtained by using the METH nethod , whic~ seems to 
indicate that these discrepancies are not due to different 
analysis techniques, s uch as METH or gas chromatograph. Rath er , 
it appears that these results reflect different conditions in 
the exhaust pipe upstream of the sampling point and in the 
sampling tube itself . Only Ito anc Yano reported these 
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co n di t ions anc it ap pe ar s that atte mpt s t o e xplain the discre-
pan c i es fo und i n oth e r inv est i gations will be mere speculation . 
On e pos it i v e o utc o me o f th ese i n v es ti gatio ns is t h at in general 
an i n c r e a se i n UE F em i s s i o n s f or lear mixt ur e s corr e late with an 
i ncre as e 1 ~ for malde h yd e e mis s io n s . For r i ch mi x tur es , the 
i ncrease i n UB F em i s s i ons i s not ac c o mpani e d by an in c rease in 
f orma ldehy d e em is s i ons . 
Th e results o f Hilden and Parks I19] , figure 9, show the 
reduction in formaldehyde emissions acco~panying vaporisation 
of the methanol. There is a clear correlation between reduction 
in UEF and aldeh y de emis s ions whi c h s upport s th e theory that 
formald e h yde i s an o x i dat i on ~rod uct of un b u r n t met h a nol. 
A most in t e r e s ting test o f thi s th eo r y i s th e effect of dissociated 
methanol fueling en form a ld e hyd e emiss i o ns in view of the negli-
gible unburnt methan o l mea s ured in the e x ha ust. However, only 
Pefley presents result s for formaldehyde emissions with dissociated 
meth a nol and t h e res u l ts a re in c o r clusive . Test s wer e performed 
at three differ e nt compression ratios for liquid and dissociated 
meth a nol. Th e result is a me a ningless scatter of data. Formal-
dehyde e ~ ission s are shown as being 20 ppm and 140 ppm under 
identical conditions. 
seriou s c o n s ideration. 
3.6 Sum mary 
Th es e re s ult s ar e inad eq u a te to warrant 
In comparison with liquid meth a nol, vaporisation of methanol was 
found to result in: 
(i) A reduction in carbon mono x ide, unburnt f uel and 
formaldehyde emission s . 
(ii) An incr e ase in NOx emissions . 
Dissociation of methanol was found to result in: 
(i) A reduction in unburn t fuel emissions. 
(ii) An increa s e in carbon monoxide and NO x emissions. 
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Figure 10 . Reduction in Exha ust Emissio n s for Dissociate d 
Methanol F ueling 
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A reduction in unburnt methanol emissions was found to correlate 
with a reduction in formaldehyde emissions and highlighted the 
potential of improved mixture preparation to reduce these 
emissionso 
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4 • COMBUSTION IN SPARK IGNITION ENGI NES 
The fundamental objective of this investigation was to establish 
the combustio n p Erfo=mance of a number of test fuels in a spark 
i g nition e n gi ne . It follows that an under stan ding of the basic 
processes wi t hin the cylin~er duri ng combu~tion is not only 
desirable but is essential if th e full potential of two very 
different fuels is to be realised. The discussion that follows 
will first deal with Gormal combustion, then abnormal combustion 
and finally consider the implications for a hydrogen fueled 
engine. Particular emphasis is laid on hydrogen throushout . 
4 . 1 Normal Combustion 
Normal combustion may be described as the desirable condition in 
a spark ignition engine in which combustion is initiated by a 
spark and remain s control l ed through o ut the rem a inder of the 
cycle. The following description of combustion in an engine 
is based on the work of Benson [381. 
4.1.l Flame Development 
Towards the end of the compression stroke the cylind~r contains 
a more or less homogeneous mixture of fuel vapour and air . A 
spark is fired from the spark plug and as it passes from one 
electrode to the other it leaves a trace of flame . Comb ustion 
spreads to the envelope of the mixture containing the flame at a 
rate depen~ing primarily on the temperature of the flame ~ront 
and secondaril y on the temperature and density of the surrounding 
envelope . As th e flam e front expands, it travels across the 
chamber until finally the whole of the mixture is enflamed . 
Depending on the degree of turbulence in the cylinder, the flame 
front wrinkles and perhaps breaks into eddies which speed up the 
process. 
Two stages in the combustion process may be distinguished . The 
first stage corresponds to the time for the formation of the 
self propagating nucleus of the flame (induction period) , and 
the second stage to the propagation of the flame throughout the 
combustion chamber (combustion period). 
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The first stage i s mainly a chemical process and depends on the 
nature of th~ fu e l, on th e te mp e ra ture and pressure of the fuel-
air mixtur e , the concentra t i on of residual s f r om the previous 
cy cl e pr esen t in the c y linder and the c h3mic al reaction rate. 
It is al so in fl u enced by local turbul ence . 
This fir st p ortion of the charge to burn cause s very little 
pressure ri se an d co ~seque ntly is som3times erroneously re-
ferred to as an ignition delay. On a pressure-crank an~le 
indicator diagram , the first stage lies bet ween the point at 
which th e spark fires and the point at which the pressure curve 
first rise s abo ve the motoring pressure curve. 
The seconj stage o f combustion corre sponds to the propagation 
of the flame from the initial nucleus to th e consumption of all 
the fuel. Thi s i s both a chemical and physical process and 
depends on the chemical composition, the pr e v ailin g t e mperatures 
and pres s ures anj the degree of turbulence in the cylinder. On 
the indicato r d i agram , thi s s tage starts at the end of th= first 
stage and ends at the poin t where the pressure curve begins 
dropping, just pa s t th e point of i nf lexion. Combustion duration 
may now be defined as the sum of stages one and two. Considering 
combustion as a function of only fuel - air ratio, minimum com-
bustion duration occurs in mixtures approximately 10% rich and 
in=reases at an increasing rate for mixtures on either side of 
this. 
The point of inflexion in the pressure curve may be used to 
establish th e spark timing yield i ng optim um ef f ic iency for a 
given set of operat ing co ndit ions. Starting wi th th= ignition 
t iming sufficiently retarded so that the point of inflexion 
oc cu r s well after top dead centre, adv a ncing the ignition timing 
wi ll initially in crease the eff iciency due to an increase in the 
effect iv e expa,sion stroke. As the timing is advanced further, 
a significant pressure rise will occu r befor e top dead centre 
with a resultant increase in compre ss i o n work and decrease in 
efficiency. In general, it has been found that ma x imum pressure 
s hould occur between 5° 20° ATDC (after top dead centre) for 
optimum performance and efficiency. 
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4.1.2 Cyclic Vari3tion in Pressure Development 
One of the fundament a l ch a racteri s ti c s of spar k ignition engines 
is th g cyclic vari a tion in pressur e developmen t acco mp anying 
combu st io n . On a p ress ure-cran k a ngl e diag ram thi s is most 
a p p a r ent i n t h e region of pe ak pre ss ure wh e re both the magnitude 
of the pr ess u re a nd t h e c ra n k a ngle at which peak pres s ure occur s 
sho w c y clic variatio n . It i s ge n e rally accepted that this is 
ca used by variation in turbulence and mi x ture strength in the 
vicinity of the spark plug (39]. 
4.1.3 Le an Misfire Limit 
When th e quant i ty of f u e l in t h e i nta ke mix t ur e i s d e cr ea s ed, 
from a point of stable operatio n , a point i s r ea ch e d when the 
fuel-air mi x tur e fails to burn ad e quately, if at all, every 
cycle. This condition is called mi s fire an d is accompanied by 
a loss of po wer, sudden drop in e x h aus t temperature and a large 
increase in unburnt fuel in the e x h a ust gas. The frequency 
with which mi s fire s o cc ur in c rea se s a s t h e q ua nt ity of fu e l is 
decreased. 
The lean misfi r e limit (LML) is th e equivalence ratio at which 
misfire first occurs. As th e LML i s approach e d there is 
evidence of incomplete flame propag a tion (bulk quench) and/or 
complete failure to ignite the mi x ture I40]. The LML is 
strong ly in f lu e nced b y cycl e to c y cl e v a riatio n s in mi x tur e 
turbulence and homogeneity. 
No agreement has been reached on a d e finit io n f o r the LML. In 
previous investigation s it has b ee n defin e d wi t h re s pect to the 
following parameter s : 
(i) Ab s ence of a luminous flame in the combustion chamber [41]. 
(ii) Cylinder pressure equal to th e motoring pressure [21,30]. 
(iii) Infle x ion in th e efficiency ver s u s eq uiv a lence r a tio 
curve I 30] . 
(iv) Increase in th e rate of UEF emission s (40]. 
Th e first and second definitions do not treat bulk quenching as 
-a misfire. 
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4 .2 Abnormal Combustion 
A discussion of abnormal combustion is particularly rel8vant in 
the con text of the present investigation wit h a hydrogen rich 
fuel . Hydr oge n is particularly prone to abnorma l combustion 
in internal combustion e ngines and there are many reports in the 
literature dealing with th i s phenomenon. Unfo=tunately there 
is no uniform approach to reporting abnormal co mb ust ion with 
hydrogen, each investigation defining descriptive terms as they 
see fit. The following disc ussion uses terms which are believed 
to be in most general usage, dealing first with knock (or auto-
ignition) a nd then preignition an d bac kfiring. 
4.2.1 Knock 
The following description of knock is based on the work of 
Benson [38]. In norma l combustion, after the flame is ignited 
by the spark the flame front trav els in a f a irly uniform manner 
across the combustion chamber compressing the unburnt gas before 
it. This end gas receives heat due to both compress ion by the 
expanding gases and by radiation fr om the advancing flame front. 
Unde r abnor ma l combustion condition s the end gas spon t aneo usly 
ignites ahead of the flame front. Shortly after the spontaneous 
ignition of the end gas a ch~racteristic high pitch knocking 
sound is he ard . This phenomenon is referred to as knock. 
The kno ckin g sound may be attributed to two pos sib le sources: 
(i) The impingement of a shock wa v e at the ch ambe r wall, 
the s hock wa v e bei n g initiated by the spontaneou3 
ignition source in the end gas. 
(ii) The acoustic vibration of the combustion chamber 
cont e nt s at their re sonant frequency. 
In both cases there i s a breakdown of the cylinder boundary 
layer accompanied by an insrease in the heat t ransfer rate at 
the wal l with the potential formation of hot spots. 
Th e conventional assessment of knock resist a nce through deter-
mination of the octane numb er by, for instance, the ASTM Motor 
Method [42] i s not sa tisf actory f or hydrog e n bec ause the 
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required spark timing is too advanced for the particularly high 
flame speed. The advanced timing serve s to increase the end 
g a s pressur e and temperature and h e nce promotes the tendency to 
knock, resulti n g in an underestimat e d octane number. 
Hyd roge n i s general l y r e ported to b e susceptible to "knocking" 
and that " knocking" plac es a limit on the compression ratio-
mi x ture strength combination I 23, 24, 43, 44] . However, there 
are isolated reports of knock free operation at all mixture 
strengths [22, 45] . In one such case I 4 5] there was definite 
indication of high frequency oscill2tions in the indicator 
diagram. ThBre is no agreement in the literature about what 
causes this knockin g . In fact, i t appears tha t researchers 
are predisposed to condemn an y unu s u a l engine noise with hydrogen 
fueling as "knocking". 
The work of King I22, 46) offers some clarification of the 
problem. Two terms were used to describe two different kinds 
of knock. Combu s tion kn oc k d es crib es an e ffe ct due to an 
abnormally high rate of flame propagation. Detonation knock 
describes an effect due to the autoi g nition and explosion of the 
end gas . These knocking sounds were described as being similar 
in a CFR engine. A distinction bet we en the tw o types of knock 
wa s that elimination of knock by retarding the ignition gave 
rise to a decrease in power in the case of detonation knock but 
an increase in oower in the case of co mbu s tion knock. It 
appeared that the spark timing was initially set arbitrarily 
and was not MET . 
The experimental results King obtained by means of indicator 
diagrams showed that combustion knock could occur in the absence 
of preignition or detonation because of the high rate of burning. 
Severe high amplitude cylinder pressure oscillations which are 
characteristic of detonation knock were successfully avoided 
even for equivalence ratios greater than one at a compression 
ratio of 10. However, rough running due to high rates of 
cylinder pressure rise, which is characteristic of combustion 
knock, was not avoided. 
This roughness usually involves vibration of the crankshaft-
fly wheel system in bonding. This may be ov e rcome by increasing 
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the natural frequency of the vibrations involved such as by 
stiffening the crankshaft in bending [471. Since today's 
e ngines have been optimised for ga s oline combustion over a long 
period it is li kel y th a t e ngines in a future hydrogen energy 
e con omy will i nc orp orat e th ese chan ge s as a matter of course . 
4 .2.2 Preignition and Backfire 
The other two types of abnormal combustion encountered with 
hydrogen are preignition and backfire. These may be treated 
together since the mechanism appears to be the same although the 
phenomenon is classified according to whether the inlet valve 
was open or closed at the start of c omb ustio n . I n backfiring, 
the incoming fuel-air mixtur e con t ac t s a s o ur c e of thermal 
energy of sufficient magnitude and intensi{y to initiate com-
bustion during the period when the inlet valve is open. In 
preignition, combustion is initiated after the inlet valve has 
closed but before the s park occurs. 
Two characte r istics of hydrogen are re s ponsible for these 
phenomena: 
(i) Low ignition energy, an order of magnitude less than 
that for methanol, makes it susceptible to ignition 
by smaller heat sources. 
(ii) High flame speed, almost an or der of magni t ude greater 
than that for methanol, contributes to the rapid growth 
of small flame nuclei and decrea s es the time available 
fo r q u e nchin g . 
A suitabl e th e rmal en e rgy sou r ce wa y be a high temperature zone 
on the interior of the combustion chamber such as a spark plug, 
e x haust valve or a sharp projection s uch as a ca s ting imp e rfec-
tion or a deposit such as carbon frcm the pyrolysis of lubricating 
oil t~at has leaked past the piston rinss [481. Although the 
residual gase s which remain in th e c omt ust ion ch a mber at the 
end of the exhaust stroke and mi x with the fresh charge were 
assumed to be capable of initiating combustion, it has been 
shown that the induction period required before ignition can 
occur is too short [481. 
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Knocking in the end gas ha s been prop osed as a mechanism for the 
fo rmat ion of hot spot s and s ub sequent backfiring 1 4 91. The pro-
cess commences wi th t h e emergen c e of a numb er of kno c k ing cycles 
which le ad to the format ion of h ot spots wi thin the combustion 
chamber . This i s fo llowe d b y a sequence of progressively 
e arl i er cycle to cycl e pr~ignitions . Th e pre ignitions in turn 
lead to backfiring whi c h terminates in misfires, accompanied cy 
combustion chamber cooling as the spent charge is inducted. The 
cycle may then be repeated. This mechanism is unsatisfactory 
as regards th e explanation of backfires experienced immediately 
after starting. 
4 . 3 The Hyd~ogen Engin e 
Spark igni t io n engines that hav e been optimised for operation on 
gas o line have been repo r t e d to b e susceptible to a ll of the above 
phenomena of a bnormal co~bustion wh en attempts ar e made to operate 
them without modification on hydrog en . Backfirin£ is the most 
offensiv e cf the se phenomena and three distinct approaches to 
solving the problem may be distinguished [481 : 
(i) Elimina t ion of potential hot spots by : 
(a) use of cold running spark plugs 
(b) use of sodi um cooled exhaust valves 
(c) maintainin g a clean combustion chamber 
free of deposits 
(d) addition of multiple piston rin gs to reduce 
oil injestion into the combus ti on chamber 
(ii) Addition of a diluent to reduce heat production per unit 
volume i.e. quenching of errant flame nuclei, by: 
(a) wate r injection 
(b ) ex t er nal exhaust gas recirculation 
(c) internal exh a ust gas recirculation in which 
valve timing is altered to increase the amount 
of residual g as in the cylinder. 
(iii) 
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Delayed injection of hydrogen follo win g th E admission 
of air . 
The th ird approac h is re2~ly a s ubdivi s icn of the first approach, 
but its impor tanc e j ust ifies it s position. 
CFR e ngines have been successfully operated on a premixed hydrogen-
air charge supplied by devic es equivalent to a gas carburettor 
by employing variou s combinations of the methods to reduce hot 
spots {22, 23, 24, 44 , 46]. In particular, King was able to 
operate at best power mixtures with a compression ratio of 12 
by employing all the methods for eliminating hot spots {44,461. 
More recent inves t i sations ha v e employed th e delayed injec tion 
of hydrogen following the closurE cf the inlet valve {25, 45]. 
This enables the air to ecol the combustion chomber before a 
flammable mixture is formed. Thi s mEthod has the further 
advantage of increasing power output to above that achieved 
with liquid methanol fu eling. 
Hydrogen injection may occur eith er b e fore comp r ession or after 
compression but before the spark. This latter scheme has been 
very successfully employed to control the ra te of pressure rise 
by controlling the rate of hydrogen injection, obviously without 
the problem of preignition (2 2]. However, with such late 
injection orientation of th e hydrogen jet is im po rt 2nt if misfire 
is to be avoided. 
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5. DEVELOP MENT OF EXPERI MENTAL APPAR AT US 
A block di ag r am of the e x perim e ntal appar a tus is shown in 
figure 11. 
5.1 Test Engine 
All tests were conducted on a Ricardo E6 single cylinder engine. 
Details of the engine and operating conditions are given in 
table 2. A cross sectional view of the engine is shown in 
figure 12. 

























































































































































































































The spark plug is situated at the side of the combustion chamber, 
between the valves. A similar hole is provided on the opposite 
side of the combustion chamber for a pressure transducer. 
The air flew rate to the engine is measured by means of a 
laminar flo w meter in the air inta ke system . Just downstream 
of this device (and upstream of the carburettor) is an electri-
cal heat er for preheating the air . 
The lubrication system is equipped with an electrical heater in 
the crankc ase for the purpose of warming the oil before starting 
and maintaining the temperature while the engine is running, if 
necessary. An oil-w a te r he a t e xchang e r enable s th e temperat ure 
of the oil to be controlled. 





Combustion chamber shape 
Valve timing : inlet opens 
inlet closes 
exhaust opens 
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A closed circuit cooling system is used. Circulation is by an 
electrical pump . A coolant-water heat exchanger is provided 
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for tem~erature regulation. In the ~resent investigation 
distilled water was used as the coolant and a rotameter plumbed 
into the coolant circuit to measure the flow rate. 
The engine is coupled to a swinging field electric dynamometer . 
The tor~ue developed by the dynamometer is measured by means of 
a brake arm ettached to a balance. Switch gear enables the 
dynamometer to be operated as a motor to start the engine or to 
measure friction losses. The engine speed is mea s ured by an 
electric tachometer driven by a generator coupled to the end of 
the dynamometer shaft. 
5.2 Ignition System 
A magneto was supplied as the standard ignition system . The 
perfo rm ance of this unit was not considerec adequate for reliable 
ignition of very lean hydrogen charg es due to the particularly 
high ionisation potential of hyd rogen. In fact, c apaci tive 
discharg e ignition systems are r epo rt e d a s stand ard even in 
methan ol tes ts. 
The capacitive di s ch a rge ignition system which was used in the 
present investigation was triggered by a standard contact breaker 
set, the position of which was used to set the spark timing. 
Figure 13a is a trace of the electric potential difference across 
the spark plug electroces during firing for the magneto ignition 
system (time bas e= 500 x 10-
6 
sec/div . ). Fig ure 13b is the 
trace with capaci tive discharge ig ni t i on at the same engine 
conditions (time base= 100 x 10-
6 
sec/div.). Ground potential 
is two divisions from the bottom in both cases. 
These figures show that there i s init ial ly a very rapid rate of 
incre ase in potential until the gap between the spark plug 
electrodes i s ionised. Th e charge in th e coil is then dis-
charged across the electrodes at a small voltage difference. 
Thi s is followed by resonance in the electric circuit below 
ionisation potential, shown by the sinusoidal curves. Two 
differences in the performance of ' the ignition systems are 
apparent: 
Figure 13a 
Figure 13b . 
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Potential Difference across the Spark Plug 
El ectrodes for the Magneto Ignition System 
Potential Difference across the Spark Plug 
Electrodes ·for the Capacitive Discharge 
Ignition System 
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(i) The capacitive discharge system provides a spark of 
appro x imat e ly 7 0 x 10-
6 
se c o uration as opposed to 
- 6 appro x imately 800 x 10 sec for the magnEto. 
(ii) The cap ac itiv e discharge sys t e m provides a 40 % 
higher peak potential , i.e. ju s t prior to firing. 
This shou ld almos t d o uble the energy in the spark. 
The shorter spark duration may give rise to increased cyclic 
pressure variations in terms of the model of cylinder turbulence 
proposed cy Taylor 39 . In order to quantify this phenomenon, 
a term called the peak pressure scatter was defined as the ratio 
of the difference between the max imum and minim um cylinder 
pressure during combustio n to the max i ~um press ure over approxi-
mately l 350 cycles (3 minute s ). Figure 14 shows a typical 
indicator diagram after 3 minu tes of operation. The peak 
pressure scatter is the ratio o f A to E expressed as a percentage. 
A B 
Figure 14 Typical Indic a tor Diagram used 
to determine Peak Pressure Scatter 
Since the magnitude of the peak pressure does not change much 
over a wide range of equivalence ratios, a high v alue for the 
peak pressure scatter indicates the presence of late or incom-
plete combustion. When thi s parameter was used to assess the 
performance of the two ignition systems over a range of equival e nce 
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ratios, there was no definite chang e in the peak pressure scatter 
attributable tc the ignit ion syst e m. 
5.3 Fuel System 
Different mi x tu=E preparation and induct ion was used for the 
liquid, vapcri se d and dissociated meth2nol . 
discussed in that order. 
5 . 3 . 1 Liquid Methanol 
They will be 
From the tank, liquid methanol pa s sed through a measuring 
burette with a volume of 100 cm 3 . The fuel lin e from the 
tank could be shut by means of a valve, enabling the time for 
1 
the consum~tion of 100 cm~ of methanol to be mea~ured with a 
stop\i\'atch. 
carburettor . 
Fr cm there it passed to a conven~~onal Solex 
Methanol flo "" ratE ~,as o dju:~ ted by a taper 
needle in the fuel jet. From th e carburett or, the mixture 
flowed along a 240 mm inlet system before entering the cylinder. 
5 . 3 . 2 Vaporised Methanol 
For operation on vaporised methanol, the carburettor was 
replaced by a transpar e nt pyrex window. Liquid methanol 
frow the burette passed to a centrifugal pump from which it 
was delivered to the vaporiser at a pressure of approximately 
1 , 3 bar. The vaporiser is shown schematically in figure 15. 
AIR IN - .--- METH A NOL 1 N 
S1E AM I N 
STEAM OU 1 
Figure 15 Methanol Vaporiser 
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The vaporiser was suspen~ed alongside the air intake system with 
-:he oL:tlEt et the s ame hEight as the top cf the pyre x window. 
Steam at a ~re~sure of 1 bar was su~plied to a heat exchanger 
made from 6 ~m copp er rubing an~ mourted insirle the vaporiser. 
Methanol was sprayed into the vaporiser through a nozzle which 
achieve~ atomisation ty imp a= tin£ a high rotational velocity. 
A purrp was used to extract air from the int2ke, after it had 
passed through the flow meter, and blow it through the vaporiser. 
About t of the air requirement of the engine was diverted in 
this manrer. This air was use d to ensure a steady supply of 
vapour to the engine . Without the air, th e delivery pressure 
of the va pour was de rived solely from the increase in volume 
acL ·urr,i:anying vaporisation. At low flow rates this resulted in 
a fluctuating rate of vapour delivery. 
The vapour rich air frcm the vaporiser was mixed with the 
remaining 2ir just upstream of the pyrex windc~v. It was thus 
possible tc observ e the condition of the vapour entering the 
engine. Ne condensation of the vapour was observed even for 
mixtures 30% rich. The temperatur e of the final mixture just 
upstream of the inlet valve was found to be approximately 48°[ 
which was sufficient to ensure that nc condensation occurred . 
5 . 3 . 3 Dissociated Methanol 
For operation en dissociated methanol separate bottles of 
hydrogen and carbon monoxide at an initial pressure of 170 bar 
were used. Each gas was delivered sepa ra tely from a two stage 
pressure regulator to an orifice plate flow meter. The delivery 
pressure was used to control the fuel-air ratio and in practice 
varied fro~ 0,5 to 3 bar. 
The flow meter was constructed in 2ccordance with British 
Standards ES 1042 1501 . The orifice plate had an orifice 
diameter of 6 , 3 mm and was mcunted in a PVC tube with an 
internal dia ~e ter of 28 mm . Even thcugh the orifice was of 
the smallest permissible dia~eter , the flo~ rates for lean 
mixtures were so low that the resultant Reynolds nu~bers were 
off the chart of Reynolds number correction factcrs in the 
Standards . Corner tappings were selected because Reynolds 
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~umber correction factors were available for Reynolds numbers 
do ~n to 10 000 , whereas for D and D/2 tappings th e value was 
2 0 000 . 
The pressure ac ross the orifice plate was me~sured with an 
inclined Li - tube mancmeter filled wi t h ethanol . The high static 
pressures necessary to achie~e the required flow rates through 
the injection valve precluded the use of the conventional type 
of inclined manometer with a reservoir instead of a second 
tube. The manometer was calibrated using a precision inclined 
manometer at atmospheric pressure. The pressure upstream of 
the orifice plate was measured by means of a bourdon pressure 
gauge. The pressur e gauge was c a librated by means of a dead-
weight tester. 
From the flow meter both gas es flowed into a 22 1 surge tank. 
This surge tank was used to absorb the pulsations arising from 
the intermittent injection of gas into the cylinder. Since the 
pulsations occurred 7,5 times every second with a du r ation of 
15 msec there was no easy way to determine whether these pulsa-
tions were in fact reaching the orifice plate. If there were 
pulsations in the flow sufficient to cause a cyclic variation 
in velocity through the orifice plate, the rranometer would 
simply respond to the root mean square velocity through the 
orifice. One simple test invulved the replication of pressure 
conditions in the surge tank but with the injec t ion valve 
operated manually and a rotameter fitted in the inlet line. 
Even opening the injection valve for an estimated period of 
1/10 second produced no detectable change in f l o w rate measured 
by t~e rotameter. It should be noted that the maximum volume 
corresponding to a single pulsation ~as only 1/300 of the volum e 
of the surge tank. 
From the surge tank the gas passed to a rotary injection valve. 
The injection valve was driven off the camshaft at synchronous 
speed using th e facility provided for a diesel pump. The valve 
ccnsisted of a steel disc, rotating coaxially with the camsh2ft, 
with a highly polished face 1n contact with a stationary teflon 
disc. Contact was maintained both by means of a compression 
A slot subtending spring and gas pressure 
0 
ar angle of 20 was cut 
on the steel disc. 
both discs and defined the injection 
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duration of 80 crank angle degrees. A coupling between the 
camshaft and the shaft c a rrying the steel disc enabled the 
crank ansle at which inj e ction started to be adjusted. Careful 
attention was given to the construction of the gland sealing 
the disc driv e s h~f t wi th the result that negligible leakage 
was detect ed even with hydrogen a t a pressure of 3 b a r. 
Frorr th e valve the gas flowed thrcugh copper tubing which entered 
the air inlet system upstream of the engine's inlet valve and 
terminated in such a manner that the gas would be injected into 
the cylinder once the inlet valve opened. In practice, the 
injection valve was set to open at approximately 30° ATDC on 
the inta ke st r ok e. T his permitt e d on ly a ir in to the comb u stion 
chamber initially, as a measure to cool any hot spots. 
An attempt had previously been made to operate the engine on a 
premixed hydrog e n-air mixture by mixing the hydrogen with the 
air in the same manner as the vaporised methanol. Despite a 
clean comb usti o n chamber and an extreme ly co ld r unning spark 
plug, attempts to run the engine always terminated in a violent 
bac kfire wi t hi n re l atively few fi ring cycles. The ca u se of 
these backfires was never conclusiv ely established but an 
interesting test was performed by adjusting the timing of hydro-
gen injection so that a premixed charge flowed into the cylinder 
immediately the inlet valve o~ened. This l~d to backfiring 
similar to that experienced previously and pointed to the fact 
that there must be a prominent hot spot in the combustion chamber. 
A number of safety measure s were adopted for operation on hydro-
gen and dissociated methanol: 
(i) A flame arrestor was fitted in the gas line downstream 
(ii) 
fro m the injection valve. This prevented flame 
propagation down the gas line when air was mi x ed with 
the gas such as happened after the surge tank had been 
op e ned to the · atmosphere for any reason. 
A flap was fitted to the inlet system downetream from 
the air flow meter in such a mann e r that any increase 
in pressure in the inlet system, such as resulting 
from a backfire, would blow the flap open and rapidly 
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relieve the pressure, avoidin£ d amage to the laminar 
fl ow meter. 
(iii) A f ranc ible d i s c was fitted to the e x haust line to 
reliev e thE pressure in the e vent of unb urnt fuel 
frc m a misfire being ignit ed , f or inetance by a late 
burnin g cycle in which flame was still present when 
th e e x haust valve opened. 
5.4 Cylinder Pressure Measurement 
Cylind er pr es sure measureme nt wa s accomplished by me ans of a 
piezoelectric press ure transducer mounted between the valves. 
The diaphragm of the transducer was flush with the cylinder 
head in the combustion chamber. The advantage of this was 
that the pressure signal obtained was free of the distortion 
encounter ed when the transducer is connected to the combustion 
chamber by a small b ore passage . Altho u gh th e pre ssu re trans -
ducer was supplied with a c al ibrat ion certificat e, the calibra-
tion was v erified on a d eadweight t ester be fore use. 
The signal from the transducer wa s conditioned in a charge 
amplifier before being displayed on an oscilloscope. Also 
displayed on the oscillo s cope was the output from a rotational 
function generator which enabl e d a composite pressure-crank 
angle diagram to be obt a ined on the oscilloscope. 
An inductiv e pickup was used on the h i gh tension ignition lead 
to supply an ignition s ignal to th e oscil lo sc ope . This was 
displayed as a vertical spike on th e pressure curve at the 
crank angle at which the ignition fir e d. This enabled the 
spark advance to be read directly from the oscilloscope. 
Figure 16 sho ws a typical pres s ur e -crank angle diagram for 
operation on hydrogen. The t wo rows of dots indicate the 
crank angle at 2° intervals. Th e cluster of three dots in 
the lower ro w i s symmetrical about top dead centre. Thus it 
can be seen that the s park timin ~ was set to 5° ATDC o The 
scale on all pressure-crank angl e photographs was 10 bar/div. 
Figure 16. 
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Typical Indicator Diagram for 
Ope rati o n o n Hy d r ogen. Di ag ram 
is for a Single Cycle 
5.5 Temperature Measurem e nt 
The temperatures required were tho s e of the at mosphere, fuel-
air mixture, exhaust gas and cool a nt entering and leaving the 
cylincer head. 
5.5.l Atmospheric Temperature 
The atmospheric temperature wa s measured b y an iron-constantan 
(iron/copper-nickel) thermocouple mounted adjac e nt to the air 
cleaner. 
5.5.2 Fuel-Air Mixtur e Temp e ratur e 
Th e fuel-air mi x t ure t e mp e rature was mea s u r ed b y a n iron-
con s tantan th e rmocouple mounted appro x imately 60 mm upstream 
from the inlet valve. The th e r mocouple wo s supported on a 
140 mm long PVC rod ~ hich ran along the axis of th e intake 
system to a conv e nient mountin g point. Th e th ermocouple wire 
was carried alon g the PVC r od and was tr ea t ed with a lacquer to 
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ens ure that me th ano l did n ot s hort circuit the two wires along 
their length . 
The ~ixture temp e rature for op e ration on liquid methano l was of 
part i cular in ~ e r e st s i nc e it would s upp l y information from wh ic h 
it could b e c alculated how much of t h e methanol had been 
vaporised . This however posed a problem because it was clear 
th a t liquid meth an ol was runnin g d own the walls of the intake 
systera and could be e x pected to drip onto an e x posed thermo-
couple o The solution amounted to a crude shield: the thermo-
couple junction wa~ mounted along the a x is 6f a short piece of 
copper tubing which wa s aligned with the di iection of flow. 
This mean t th a t only dro p let s of l iq u i d carried al ons in the 
air could reach the thermocouple. 
5.5.3 Co olant Temperature 
Two therrr.ocouples were required to measure the chenge in 
temperatu re of the coolan t flo wing throug h the cyl inder head 
from which heat rejected to the coolant co uld be calculated. 
The th ermoc ouples were ag a in iron- con stanta n and we re inserted 
into the coolant stream adjacent to the cylinder head using 
copper tubing pockets. All exposed copper tubing was then 
insulated from the surroundings. 
5.5.4 Exhaust Gas Temperature 
The therrr a l energy available in the e x haust gas was of particular 
interest for the onboard dissociation reaction. Little 
published work deals with th e subje ct. Th e th erma l energy 
may be measu re d in a c a lo r imet er in wh i ch the e x haust gas 
exchanges its he at with another fluid. He re th e difficulty 
lies in getting the exhaust ga s to the calorimeter at a 
temperatur e of 500 - 600°[ without loss of heat. The alternative 
is to measure th e exhaust gas temperature and from a knowledge 
of it s composition to c a lc u lat e the enthalpy. This method was 
selected since the e x h a u s t tem perat ures wer e seen as being 
useful in themselves. 
Exha ust gas temperature measurement introduc e d two new problems: 
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(i) High absolute temp e ratures. 
(ii) Ver y rapid temperature tr a nsients. 
High absolut e temperatures result in large heat losses from the 
th ermocouple to th E cooler surroundings . Of particular 
importance her e is the thermal conduction along the thermo-
couple wires which results in heat b e ing conducted away from 
the junction more rapidly than convection from the gas supplies 
· it. The result is a mEasured temperatur e below that of the 
gas streamo In order to overcome this proclem the thermocouple 
wires should be permitted to soak in the gas stream before being 
exposed to cooler surroundings and should be kept to the minimum 
dia me ter c onversa nt with t he lif e re~ui r e d. 
The problem of tran s i e n~ r e sp on s e ari s es from th E fact that it 
has been found that appro x imately 50 % of th e mass of the exhaust 
charge le a ves the cylind e r durin g th e initial 20% of the exhaust 
process, a period corres ponding to the blowdown phase {511. It 
has also been f ound that th e temper a ture during this phase shows 
an extremely rapid rise followed by an exponential drop {52] . 
These two facts together mean th a t much of the t hermal energy 
in the exhaust will leave during this phase and the temperature 
throughout the exhaust process will have to be known if the 
energy in the exhaust gas is to be calculated with reasonable 
accuracy. 
Three thermocouples were used to investigate transient response: 
( i ) 
(ii) 
0,64 mm diameter chromel-alumel couple 
0,25 mm di a met e r iron-constantan couple 
(iii) 0,13 mm diamet e r chromel-alumel couple 
The mixture of metals was of no significance and simply reflects 
availability . 
Th e thermocouples were inserted in the exhaust line immediately 
do wnstream of the exhaust valve and the outputs photographed on 
the oscilloscope . Figure 17a shows the result for the two 
chromel-alumel couples tcgether an~ Figure 17b for the iron-




Response of 0,64 mm and 0,13 mm Exhaust 
Thermocouples Located just Downstream 
of the Exhaust Valve 
Response of 0,25 mm Exhaust Thermocouple 
Located just Downstream of the Exhaust Valve. 
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on the grid corresponds to ground potential. Both photographs 
were taken at the same engine speed but different fuel-air 
ratios. It can be seen that th e large diameter chromel-alumel 
couple rema i ns at a temperat u re close to the lowest meas ured by 
the smaller d iamet er one , i. e . i t completely failed to detect 
th e temperature ris e at blowdown . 
Both of the smaller diameter coupl es show a temperature dif-
ference of approximately 30°C between the highest and lowest 
values . Proof that these values were still too low was g iven 
by an energy balance in which indicated power and coolant heat 
were accurately determined. Th e energy balance showed that 
10 - 15% of the energy available in the fuel was being lost to 
unaccounted sources, such as radiation. This value would 
normally be expected to be closer to 5%. In fact, results 
in the literature subsequently showed that even wire diameters 
of 0 , 05 mm were inadequate to measur e half of the temperature 
rise above th e steady state valv e achieved by thicker wire [521 
Wire of 0,05 mm and smal ler diameter could only be used in the 
exhaust gas for a few seconds before being burnt away. 
would have required too much attention to be practicable. 
This 
A solution to this problem was found by using the exhaust pipe 
itself to create a bulk temperature that was steady with respect 
to time. The exhaust pipe on the engine was initially a small 
diameter pipe, but further along increased to three times this 
diameter . By carefully insulating the exhaust pipe from the 
point at which it emerged from the cylinder head to~ distance 
1 , 6 m downstream, it was hoped that the hot gase s would exchange 
heat with the exhaust pipe and mix with the cooler gases to 
provide a uniform temperature. The pipe was insulated with 
insulation plaster appro x imately 60 mm thick and never became 
hotter than warm to the touch. 
The 0,13 mm diameter thermocouple was inserted in the exhaust 
pipe about 800 mm downstream from the exhaust valve· and provided 
an output that was invariant with respect to time. The tempera-
ture was now 100 - 120°[ higher than the temperature measured 
simultaneously by the 0 , 64 mm couple at the exhaust valve. The 
unaccounted losses in the energy balance had now been reduced 
to below 5% and it was concluded that this approach was success-
ful. 
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For the test programme a 0,25 mm iron-constantan thermocouple 
was in s erte d at th e do ~ nstream location while t he 0,64 mm 
c hrom e l - alumel c oupl e was re ta in Ed at the e x haust valve . The 
junct i ons of t h e th e rmo c cJupl es we r e th e rmally insulat e d from 
the thread ed p l u gs in whi c h they were mounted, which were turn 
insulated from the cool s urroundings . 
5 .5. 5 Th e rmocouple Output Conversion 
All thermocouple temperatures were measured by a datalogser 
which was capable of converting the thermocouple potentials to 
temperature. The thermocouples were connected directly to a 
single i s othermal con nec tor block wh i ch aut o ma tica l l y co mpensated 
for the second junction formed a t a mbient temp era ture. A 
reference junction in an ice bath was thus not necessary. Cali-
bration of the instrument was verified by adding a reference 
junction to a single thermocouple which was then used to measure 
ambient and exhaust temperature. Millivolt readings from the 
circuit wi t h the reference junct i on were c on ver te d to temperature 
and offered reasonable agreement with the value obtained directly 
both for the chromel-alume l and i ro n-con s t a n tan thermoccuples. 
5 .6 Emissions Analysis 
Apparatus was available for the mea s urement of CO, UBF and 
formaldehyde. No apparatus was available for the measurement 
of NDx emissions. 
5 . 6 .1 CO Measurement 
The sample of gas to be analysed for CO was withdrawn from the 
centre of the exhaust gas stream at a distance of approximately 
800 mm downstream from the e x haust valve. The sample was drawn 
through stainless steel tubing to a condenser which cooled the 
sample to room temperature, the condensate being collected in a 
water trap. The sample then passed through silica gel drying 
agent anc a filter to remove any particulate matter before being 
admitted to the nondispersive infra red analyser . 
Calibration was carried out according to the manufacturer's 
instructions using a calibration standard of 5,2 % CO. 
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Calibration gas was supplied to the instrument using the same 
route follo wed by t he samp le after the sample line had been 
disconnected at the exhaust pipe. Int e rf eren c e from vapours 
of wa ter and methanol was assessed by supplying the instrument 
with a sample of air saturated with wate r and mathanol separately . 
In both c ases there was no measurable interference. 
5.6.2 UBF Measurement 
UBF emissions for methanol fueling were expected to consist 
mainly of methanol with a small quantity of paraffinic hydro~ 
carbons. For dissociated methanol fueling UBF should strictly 
include H2 and CO together with the expe cted hy dro carbons. 
However, from the complex chemistry of combustio n for hydrogen 
and carbon containing fuels it appears that unburnt fuel will 
be present in the exhaust gas as a hydrocarbon {531. A thermal 
conductivity detector was no t available for the gas chromato-
graph so that H2 in the exhaust gas was not measured. 
A nondispersive infrared analyser for hydrocarbons was available. 
However, since the instrument wasn't internally heated, methanol 
and water had to be condensed out of the sample before analysis. 
Even with the condenser in an ice bath, the vapour pressure 
exerted by the methanol removed any chance of measuring the 
wethane concentration. The instrument was capable of measuring 
the hydrocarbon emissions with dissociated methanol, but this 
method of hydrocarbon analysis remoins extremely susceptible to 
interference from other species in the exhaust and is seldom 
used today I 541 . 
UBF is most commonly measured in a heated flame ionisation 
detector (FID). However, as mentioned previously, this instru-
ment has a different response to methanol and paraffinic hydro-
carbons and it is necessary to know the relative percentage of 
each present in the exhaust gas before accurate calibration can 
be attempted. 
For the present investigation a gas chromatograph equipped with 
an FID was available, although remote from the engine. A system 
was developed to facilitate the storage and transportation of an 
exhaust gas sample . Sample bottles with a volume of 150 cm 3 
were for~ed from pyrex tubing. A septum was fitted to an 
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injection port at one end and a high vacuum ground glass stopcock 
to the other . The sample bottles were silanized to minimise 
adsorption of polar molecules (such as methanol) onto the glass. 
A sample was o btained by partially evacuating the sample bottle 
through the stopcock with a vacuum pump. The bottle was then 
cor.nected to a stainle s s steel samp le line the other end of 
which terminated i n the ex haust gas stream approximately 160 mm 
from the exh~ust valve. The gas temperature in the sample line 
was maintained at 130 - 150°[ by electric2l heating tape. The 
exhaust gas sample was drawn into the bottle through the stop-
cock. 
A syringe was then ~sed to obtain a sample via the septum for 
injection into the gas chromatograph . A 2 m long, 6 mm silanized 
glass cclumn was used in the gas chromatograph. The principal 
species the column packing was required to separate were methane, 
methanol and formaldehyde. A Porapak Q packing was selected on 
the basis of the excellent r e sult s re ported by Pe fley {141 for 
Porapak T, but with t he advantage of more favourable separation 
for th e thermal con ductiv ity det e ctor b e ing used at that time. 
The FID response was then calibrated separately for methane and 
methenol . 
5.6.3 Formaldehyde Measur ement 
Forrreldehyde wa~ expected to be the predo minant aldehyde present 
in the exhaust gas. Because f ormal~ehyde is more reactive than 
the other exhaust species of interest, it is necessary to have 
some kncwledse of the reactions it may undergo at the tempera-
tu =es en countere d. 
referenc e {351. 
The follo wing discussion is based on 
Both liquid and gaseous formald e hyde polymerise readily at 
ordinary temper a tures and can be kept in pure monomeric state 
only for a limited time. Dr y fo rmalde hyde gas shows no 
polymerisation at 80 - l00 ° C. However, even a trace of water 
provokes rapid polymer isation. Fcrmaldehyde gas 90 - 100% 
pure mu st b e kep t at 100 - 150°[ or above to avoid polymerisa-
tion. In aqueous solution, di s so lved fo rma ldehyde is present 
a s an equilibrium mixture of the mcnohydrate and a series of 
low molecula= we ight polymeric hydrates . Comme r cial formaldehyde 
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is generally sold as formalin. Formalin contains 37% formalde-
hyde by weight anc 8 - 15% methanol which prevents poiymerisation. 
The fir~t attempts to detect fo r maldehyde in the exhaust gas 
were made on the gas chromatograph while a sa~ple was being 
analysed for UBF. Methane and methanol were detected in that 
order, but only a relatively slight baseline drift developed 
from the retention . time for formaldehyde, figure 18a. The 




Figure 18a. Ex h~ust Ga s Chromat ogr a m 
By contrast, · in a sample of furmalin distinct peaks for 
forrraldehyde and methancl were obtained, figure lBb. The 
a mo0~t of forrn a Jdehyd~ in this sample was · caltul~ted to b~ 
equivale~~ tri a g~s sa~ple whe~ th e exhaust gas had a 
fo ~mal~ehyde c~~centration cf 200 ppm. Alread y some tailing 
of the formaldehyde peak is evident, probabl y due to adsorbtion. 
Formaldehyde is an extremely p~~ar compound and may be expe~ted 
to be adsorbed onto a con v entional column packing. However, 
Porapa k is a po rou s polystyrene polymer, fabri c ated into biads 
which should not adsorb pola r c c mr:o und s [141. In adciition 
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to this, the column itself had been silanized. 
FORMALDEHYDE 
METHANOL 
Figure 18b. Formalin Chromatogram 
The n£xt step was to _ install an impinger by means of which the 
exhaust gas could be bubbled through a liquid. The impinge~ 
11Jas in·stalled at· the same point where UBF · samples were collected 
from the heated sample ),.:j_ne. T_he ,insulation o.f the exhaust 
. . . .. - - 0 . 
pipe hed raised t~e gas temperature to above 500 C for a 
distance of 1,6 m downstream from the exhijust valve. As __ has 
~l~e~dy. be~n mentioned, reactions in~olving meihanol aric 
formaldehyde will be a c tiv e at thi s tem pera t ur e . Thus formalde-
hyde and UHF emissions measured so~e distance downstream .will 
not be ~~p~ esintativB of these emi~sion~ with an air cooled 
exhaust pipe . Foi thi§ reason the sampl~ was ~ithdiawn ju~t 
160 mm downs.trea~ from the exha~st valve ~~d t~e insulation.·w~s 
not expected to influence the temperature significantly over 
such a short distance. 
· The impinger consis-ted of ·a No:-· l fri·t in a 38 ·-mm flas·k. - The 
exhaust .gas . was drawn th:r:o.ugh the impinger by a rotary vacuum 
pump •. The flow rate was measured by two rotameters - one for 
low flow rates anc the other for high flow rates . The rotameters 
were calibrated with e x haust gas by adding a wet test meter to 
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the sample line. 
This apparatus was first used to bubble the exh2ust gas through 
distilled ~ater , since distilled water has been found to have a 
high collection efficiency for formaldehyde [341. The aim was 
to increase the conc en tration of formaldehyde and investigate 
its effect on the chrom a togram. The result was a considerable 
baselin e drift, commencing at appr ox imately the retention time 
for form aldehyde and contin uing past the methanol peak. 
Now , any form a l~ehyde tha t was in the exhaust gas would exist 
predominantly in the polymerised form in botr of the above 
methods. Thus it was suspe ct ed that the polym ers of formalde-
hyde did not alut e as a dist inct pe ak or even as a se r ies of 
peaks. In order to t est this hypothesis, a sample o f para-
forwaldehyd e was thermally depolymerised , the formaldehyde gas 
so evolv e d b e ing bubbl e d throu g h distilled water . When a sample 
of this solution ~as analysed on th e gas chromatograph, the now 
characterj_stic ba seline drift was observe d . 
It was assumed th a t th e fo rma ldehyd e enterin g th e impinger was 
still the monomer, since the sample line was heated to 130 -
150°[. Thus a solution o f 15% me tha nol in distilled water was 
prep a red and exhaust gas bubbled through this. When a sample 
of this so lution was analysed on th e gas chromatograph, still 
no formcldehyde could be detect e d. As a re s ult of the s e tests 
it appears reasonable that polymerisation was occuring prior to 
th e impinger, probably due to the pr ese nce of ~ater vapour in 
the exhaust ga s . 
These tests showed that there i s no simple method available to 
measure formaldehyde on a ga s chromatograph. The next step was 
to assess the various wet chemistry techniques available. 
The chromotropic acid method was rej ected beca use it measured 
exclusively formaldehyde . While this is adequate for liquid 
methanol fueling, th e posi tion is le ss clea r for dissociated 
methanol. Th e results of a comparative study have shown that 
th e1·e is no clea~ distinction between th e performance of the 
DNPH and ~ETH methods wh e n used to me asure total aldehydes in 
metha nol f ue ling [ 341. The DNPH method has the advantage of 
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beins able to quantify the v arious aldehydes present with 
suitable processing of the hydrazones. However, the METH 
method was the most commonly used in the investigations reviewed. 
In addition, the METH method had already beEn used by the Energy 
Research Institute of the University of Cape Town and suitable 
hardware developed. 
The original METH method was developed by Sawicki in 1961 [55]. 
Various modif ~cations have been proposed to increase sens itivity 
and reduce interference. The most signific~nt of these appears 
to be the addition of su lphamic acid to reduce interference from 
SOz, proposed by Nebel I56]. This method was used in the 
present inv estigation. 
with a spectrophotometer . 
Th e ab s orbance was measured at 635 nm 
The greatest sensitivity of the absorbance measurement is achieved 
at mid-scale en th e spectrophotometer. This meant that the 
volume of the exhaust gas to be drawn through the impinger was 
Effectively fixed for a given type of fuel and the flow rate 
and sampling duration had to be adjusted to match this value. 
High flow rates werE undesirable bec a use of reduced collect ion 
efficiency while long sample tim es were vulnerable to drift in 
engine conditions. 
Once the approximate sample volume had been established various 
combinations of sample flow rate and time were exam ined for 
their effect on repeatability. F r om these tests it appeared 
that repeatability was dependent on the method used in handling 
the impinger betweer1 collections rather than on flo w rates. It 
appeared that formaldEhyde rich condensa te was forming in the 
impinger downtube bet wee n tests. This was responsible for 
erratic r esults when the condensate was washed into the METH 
solution . Washing the imping er in distilled wa ter between 
tests overcame this problem. 
In practice the flow rate was adjusted to offer convenience of 
operation. Of necessity this was approximately 4t times higher 
for dissociai.ed methanol than for liquid or vaporised methanol, 
because of the extremely low concentration of formaldehyde and 
the need for short sampling times to conserve fuel. 
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The repeatability of the METH method itself to measure formalde-
hyde was assessed by processing 5 samples obtained from the same 
parent solu tion . The results agreed to within the resolution 
of thE spectrophotometer. 
Calibration was performed by adding known amounts of formaldehyde 
tc the METH solution and then processing as for the exhaust 
sample. Details are contained in Ap~endix E. The formaldehyde 
was used in the form of formalin , the formaldehyde content of 
which was assayed by a commercial laboratory in a sodiuw bi-
sulphite titration. 
Methanol was present in both the calibration an d exhaust gas 
samples, the concentration being many times higher in the exh2ust 
gas than in the formalin . As a result, thE effect of methonol 
at a concentration of 10 000 ~pm in the exhaust gas was investi-
gated during calibrati on t ests . 
was observed . 
No me asu=able interference 
The next chapter will discus s the actual experimental procedure 
followed. 
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6. EXPERIMENTAL PROCEDURE 
This Chapter deals with the spEcific procedure followed i n the 
laboratory. 
6.1 Engine Operation 
6 . 1.1 1D_g_i~.1~nstants 
The investigation of the potential of dissociat e d methanol was 
carried out u nde r th e foll owi ng c o ndit i ons , c ons ide r e d to be 
reprEsentativ e of performanc e in a r e ciprocating internal 
combLstion engine. 
(i) EnginE speed of 900 rpm. Th e ~ajority of single 
cylinder engine test s are conducted at 900 - 1200 rpm. 
In addition, th e cost of th e b ot tl e d g ase s d ictated 
that fuel consumption should be a minimum at a given 
fuel-air ratio. 
(ii) Corrpression ratio of 8. This was again representativ e 
of many single cylinder engine tests. 
(iii) Wice open throttle. It has been shown that at least 
(iv) 
the relationship between equivalence r atio and 
efficiency is little affected by load Il71 . 
MET spark timing. Spark timing other than MET is 
generally only used to inv es tigate it s eff e ct on 
certain emissio n speci e s. 
The present work was not concErned with the effect of t~ese 
paramEters on efficiency and exhau s t emissions. However, the 
effect on engine performance of corrpression ratios of 8, 12 and 
14 was investigat e d for li q uid met h ano l. A com press ion ratio 
of 14 was selected as the highest useful corrpression ratio since 
it was found to be the point above which increasins ,compression 
ratio had little effect on incicated efficiency . 
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6.1.2 Mixture Preparation 
The e1Bctrical resistance heater in the inteke system was used 
to inv est igate the effect of air preheat on engine performance 
when fueled on liquid methanol. In th e li terature , air preheat 
is generally employed to improve mixture preparation with 
methanol even when exhaust emissions are not of interest. 
The amount of heat supplie d to the air was kept cbnstant for 
all fuel-air ratios. This resulted in the free stream 
temperature for lean mixtures being about B°C higher than for 
rich mixtures. The alternative, adjusting the a~ount of pre-
heat to maintain ccnstant mixture temperature, required 
inordinat ely long stabili sa tion times because of the slow 
response of mixture temperature to ~reheat. 
Air preheat of 300 Wand 100~ W was tested. The former 
provided free stream temperatures comparable tQ those of 
vapori sed methano l, with a mean wi x ture temperature of 48°[, 
although from the cold inta ke walls it was concluded that a 
fair amount of methanol remained unvaporised. The latter 
(1000 W) provided the maximum preheat available with a mean 
mixture temperature of 118°[. Uncer equilibrium conditions, 
this preheat was sufficient to ensure complete vaporisa ti on. 
6.1.3 Spark Timing 
It has already been mentioned that the crank angle at which the 
point of inflexion in the pressure-crank angle diagram occurs 
may be used to optimise spark timing and should then be between 
5° and 20° ATDC. 
A series of tests were conducted to investigate the relationship 
between the crank angle at which peak pressure occured and the 
indicat ed power at a constant fuel-air ratio. Fisure 19 shows 
the results for liquid methanol at a compression ratio of 12. 
Note that the efficiency and torque will be directly proportional 
to the power. The cyclic variation in pressure development 
meant that the crank angle corresponding to peak pressure had 
to be averaged by eye. Ey using the storage facility of the 
oscilloscop~,th e variation in this angle was estimated to be 
+ 0 
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Fiaure 19. Effect of Peak Pressure Crankangle on Power for 
Three Equivalence Ratios 
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Figure 19 shows that the concept of there being a plateau in 
the efficiency versus spark timing curve to be valid. Hence 
" minimum advance for best torqu e " or MET spark timing may be 
realised . However, variation in . the peak pressure ~rank 
angle over the range of fuel-air ratios is about the same 
magnitude as the differenc e bet ween minimum advance for bes t 
torque and simply the advanc e for absolute ma x imum torque . 
Hence it appears that the concept of a minimum advance is n ot 
really applicabl e here, but will be used to indicate tha~ spark 
timing was adjusted to give peak pressure at a crank angle of 
18° ATDC . 
This test was r epeated f or v apo r ised meth a nol a nd hydrogen and 
0 
in each case a pea k pr es sure crank angle of 18 ATDC was found 
to be close to ma x imum torque. 
6 . 1 . 4 LM ~ Detection 
For the purpose of th e pr ese nt inv es t ig at i on th e l e an misfire 
limit was defined as th e equival e nce ratio at which approximately 
0,5 - 1,5% of th e cycles wer e motored . 
Detection of the LML was accomplish e d with the aid of the pres -
sure - crank angle diagram . The first stage was to detect that 
a misfire had occured . 
frequency of misfire. 
The seconci stage was to determine the 
Figure 20a is a typical indicator diagram obtained on reducing 
the fuel flow at constant speed. The lowest curve was a 
motored cycle sin c e it i s symm e trical about top dead centre 
(the crank angle mark e r is blurr e d by speed fluctuations) and 
the peak pressure thus o c curs before that of even a bulk 
quenched cycle. By increasing th = time base of the oscilloscope 
figure 20b is obtained, in which the vertical lines correspond 
to the peak pressures of each cycle. In this way 78 consecutive 
cycles can be e x amined a t on e time . Th e mo toring cycles were 
known to have a height of two divisions after comparison with 
the trace obtain e d when the spark plug was short circuited . 
The fuel flow rate could th e n be finely adjusted until successive 
diagrams like figure 20b just showed one misfire . In reality , 
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Figure 20a . Typical Indicator Diagram Used to 
Determine the Presence of a Misfire 
Figure 20b . Typical Indicator Diagram Used to 
Determine the Frequency of Misfire 
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this would have been closer to one misfire every 156 cycles. 
At this mixture strength engine operation remained steady over 
a period of several minutes, although there was a detectable 
but momentary loss of speed accompanying each misfire. The 
results also showe d that the efficiency versus equivalence ratio 
curve was fairly flat at this point and did not show the iapid 
drop associated with frequent mi sf ires. 
6.1.5 Test Procedure 
Prior to beginning the test programme, the engine was overhauled 
in accordance with the manufacturer's instructions. The com-
bustion chamber was cleaned of a ll deposit s and th e clearance 
volume measured to e n abl e accurate determination of the 
compression ratio from th e micrometer read i ng . 
The electric oil heater was used to bring the oil close to 
operating temperature before starting . The engine was then 
started by motoring, th e mo tor being swit c hed t o load once 
combustion was s ustain e d. The eng ine was warmed up until 
both coolant and oil temp e ratur es had stabilised at approxi-
mately 70°[ and 60°[ resp e ctively. This warm up phase lasted 
at least one hour and wa s accomplished wi th liquid methanol 
when dissociated methanol was being tested in order to conserve 
gas. 
The fuel-air ratio could be set approximately by observing a 
rotameter in the methanol delivery line. With dissociated 
methanol the hydrogen and carbon monox ide pressure regulators 
had to be adjusted until t he man ome t e rs i ndicat ed the required 
2:1 flow rate. Tests were c on du c ted over the full range of 
fuel-air ratios from LML to 30% rich. 
Next the spark timing was adjusted to give pea k cylinder 
pressure at 18° ATDC and the fielj current adjusted to give 
an engine speed of 900 rpm . 
Ex haust gas temperature measured by the downstream thermocouple 
required an e x cessive amount of time to stabilise. However, a 
linear relationship was found between this temperature and the 
temperature measured by the thermocouple adjacent to the exhaust 
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valve and in subsequent tests measureme~ts were m3de using the 
upstream thermocouple and converting them to the correct value. 
The linear relationship was effecti~ely the same for all fuels 
used. 
Coolant temperature difference then became the parameter which 
required the longest stabilisat ion t ime. The difference in 
coolant temperature b etween cylinder h8ad inlet and outlet was 
monitored and once this had stabilised the test could begin. 
All measuremants at a given condition were repeated until agree-
ment was satisfactory and values were then averaged. 
At ths end of the test session the fuel supply was cut off, the 
dynamo meter switched to motor and the friction losses measuredo 
Over the whole test period, fri c tion losses only varied by about 
4%. 
6.2 Emissions Measurement 
6.2.l CD Emissions 
CD Emissions were measured continuously and an almost immediate 
response to changes in engine conditions was observed. The only 
attention the CO ana lyser required was periodic calibration. 
The primary calibration was performed using the standard cali-
bration gas and clean air. Se conda ry calibration could then 
be performed electronisally. Experience showed that primary 
calibration was necessary only weekly, while secondary calibra-
tion was performed before each test sess ion and che cked at the 
end of each session. 
6.2.2 UBF Emissions 
The sample bottles u sed for UBF collection were washad with 
acetone a nd then purg ed with clean a i r before u s e. A vacuum 
pump was used in conjunction with a mercury manometer to reduce 
the bottle pressure to about 70 kPa . The bottle was then 
connected to the heated sampling line and the exhaust gas drawn 
in. The samples were stored in bottles for 2 - 3 hours before 
analysis on the gas chromatogra~h . Analyses could be performed 
a minimum of 10 mi nut es after collection and it wai found that 
75 
no change could be detec te d in th e s ample composition after this 
period. Thus the 2 - 3 hour de lay before analysis was considered 
acceptable. 
A precision syringe wa s us ed t o inject 0,3 ml of the contents of 
the s ample bottle into the ga s chromatograph. The column 
temperature was optimi se d for th e separatio n of methane and 
meth3 no l: following inj ection of the s am pl e th e t emperature 
was held at 50°C for l minute, f ollo we d by a temperature rise 
of 20°C/min. until 120°C was r e ach e d and held for 4 minutes. 
Th e gas flo w rates to t h e c hr omatograph wer e a s follo ws: 
(i) nitroge n c arr i er ga s - 50 ml /min 
(ii) hydrogen for F ID - 30 ml/min 
(iii) air f or FID - 300 ml / min 
A typical chromatogram i s sh ow n i n f igu r e 21. 
was an3lysed by mean s of an on-li ne comput er . 
The chromatogram 
The area of the 
peaks was automatically calcula ted by the rule of trapezoids 
(Newton-Cotes tw o point formula). Not e th a t th e peaks are 









(1273 AREA UN1TS) 
METHANOL 
(122636 AREA UNITS) 
Figure 21. Typical Chromatogram for Methane and Methanol 
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The computer had the facility to store the results of a blank 
run (no sample injected) as a baseline and then to subtract 
this baseline from the sample chromatogram before plotting. 
Following conditionin~ of the column, a blank run yielded a 
n8arly flat baseline. On injection of a sample, baseline 
drift was e x perienced from approximately the time formaldehyde 
was exp3cted to elute. This was not really a problem sin ce 
baseline interpolation for the peaks was correctly performed by 
the computer. Following the first sample run, anoth 3r blank 
run was performed, again showing baseline drift probably due to 
the presence of adsorbed formaldehyde polymers. Since the 
amount of baseline drift did not increase much with successive 
samples, the result of this blank run could be stored as a new 
baseline. Subsequent chromat ograms using this baseline had 
much reduc e d drift. 
Using the calibration data in Appendix E, the area units under 
the peak could be converted directly into concentrations. 
6.2.3 Formaldehyde Emission s 
The METH method us e d follows that proposed by Nebel [561. The 
METH reagent and ferric chlo r ide solution were both used on the 
same day that they were prepared. 20 ml of METH reagent was 
used in the impinger. 
Initially, two impingers in series were used. However, the 
formaldehyde collect ed in the second impinger was less than 1% 
of that collected in the first impinger with liquid and vaporised 
methanol fueling. Since higher flow rates were used for dis-
sociated methanol this test was rep e ated then. In this case 
the formaldehyde in the second impinger was below the detection 
threshold . Thus it was con side r ed reasonable to use a single 
impinger for all the tests and no correction was made to the 
results obtained. Th e sample v olumes , together with the 
sampling times , were as follows: 
( i ) 
(ii) 
liquid methanol 6 l /4 min 
vaporised methanol: 6 l /4 min 
(iii) dissociated methanol: 14 l /2 min 
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Exhaust gas was drawn through distilled water in the impinger 
between tests. A three-way valve enabled the vacuum pump to 
be kept running continuously and the time during which exhaust 
gas passed through the METH solution to be measured accurately. 
Al ml aliquot from the impin ger was processed in a volumetric 
flask. The absorbance was measur ed with a spectrophotometer 
within 2 - 3 min. of adding the acetone. The absorbance was 
converted directly to concentration using the calibration in 
Appendix E. 
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7. RESULTS OF EXPERIMENTAL WJRK 
7.1 Content of Results 
Certa in performance parameters of the engine we re seen as 
contributing to kn owledge of the combustion characteristics 
of the fu els . Measurement of the fo llowing parameters was 









hea t in e x haust gas 
heat in engine coolan -: 
e xhaust gas temperature 
com:iustion duration 
(vii) pea k pressure scatter 
(viii) carbon monoxide in exhaust gas (stri=tly~ this 
belong s under emissions) 
The effect of compressi on ratio, air preheat and fuel type on 
these parameters was investigated. Compression ratios of 8, 
12 and 14 were investigated with no preheat and liquid methanol. 
Air. preheat of 0,300 and 1000 W was investigated at a compression 
ratio of 8 with liquid methanol. Liquid, vaporised and dis-
sociated msth3nol, together with hydrogen and c arbon monoxide 
fu3ls were investigated at a compression ratio of 8. 
Three exhaust emission species were identified as being of 







The effect of liquid, vaporised and dissociated methanol fueling 
on t~ese specigs was investigated. 
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7.2 Processing of Results 
An outline of the method used to calculate the various terms in 
the energy balance is provided in Appendices A and B. The 
complete set of results for the performance parameters from 
191 individual tests is tabulat ed in Appendix C. 
The results for the var i ous em issions species are tabulated in 
Appendix F. 
7.3 Data Reduction 
The results of the experimen~al wor k related the dependent 
variable to th e independent variabl e t hrough, on average, 20 
data points. Plottin~ the data points alone was not sufficient 
to indi~ate a clear, unambiguous relationship and it became 
clear that it was necessary to obtain a regression of the 
measured variable against the independent variable. Curve 
fitting by eye was rejected becau se of its subjective nature. 
Ultimately, second order polynomial least squ3res regression was 
used for the majority of the curves, excluding CO emissions and 
peak pressure scatter. One standard error of the estimate was 
represented by an I at a convenient point on the curve. The 
details of the data reduction are contained in Appendix G. 
7.4 Precision of Results 
Th e precision of result s is a measure of agreement between 
repeated determinations of the apparent result, the actual 
result being constant. The standard error of the estimate 
was used to indicate the overall precision of the results and 
whether differences in the measured variabl es between fuels 
were significant or trivial. There was evidence that the 
efficiency curve did not repeat exactly on different days~ so 
the individual effects of ra pid changes or incorrect measure-
ments of friction losses and atmospheric pressure and temperature 
were investigated for stoichiometric operation on methanol. 
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A difference of two divisions in the balance reading for motoring 
load (equivalent to 2 oz.) resulted in efficiency changing by 
0,6% of its original value. A difference of 10 mm in the 
barometer reading resulted in efficiency changing by 0,3% if 
still plotted for stoichiometric conditions . Similarly a 
change of 2°c in the ambient temperature resulted in a 0,3% 
change in efficiency . If all three of these c hanges occured 
undetected and the effects were additive, th3 n the indicated 
efficiency would be 33,2 ~ 0,4%. This is a most unlikely 
condition and indicates that these parameters alone were not 
responsible for the variation in efficiency . 
For operation on bot tled g as , the flow me asurem e nt by orifice 
plate was less accurate (not as near the ac t ual value) than 
timing the volume flo w of methanol. The maximum tolerance on 
the flow rate measured by the orifice pl3te within wh ich the 
true value was expected to be was estimated at 2,6% using the 
methods of ES 1042' [501 . 
than 1%. 
Fo r met han ol , this va lue was less 
7.5 Presentation of Results 
The most important decision in the presentation of the results 
was th3 selection of the independent variable for comparison of 
the results from different fuels. The choice lay between 
indicated power and equivalence ratio. For example, should 
efficiencies be compar ed on the basis of equal power or 
equivalence ratio? Equivalence ratio was selected as the 
independent variable b ec ause loss of power accompanying opera-
tion on gaseous fuels or at lean mixtures can easily be 
compensated for by increasing swept volum e or turbocharging. 
The equivalence ratio is defined as the actual fuel-air ratio 
divided by the stoichiometric fuel-air ratio. 
The efficiency and exhaust and coolant energy are presented as 
a percentage of the net energy in the fuel. 
Exhaust emission species were presented on a concentration 
basis, since the loss in power with operatio n on dissociated 
methanol was accompanied by a correspo nding dec rease in the 
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number of moles of exhaust gas. 
The effect of compression ratio on selected performance para-
meters of the engine is given in figures 22 - 27. The effect 
of air preheat on selected performance parameters is given in 
fi gures 28 - 34 . The effect of fu9l type on performance 
parameters is g iven in fiaures 35 - 43 . Figure 42 shows the 
efficiencies that could be expected i f waste heat was used to 
vaporise or dissociate the fuel, that is, th e calorific value 
of the fuel was considered to be that of liquid methanol in all 
cases . 
Figures 44 - 46 s ho w the effect of fuel type on emissions. It 
should be noted that for dissociated methano l fueling, methanol 
emission s were below the detection threshold of 10 ppm and 
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Figu re 46. Effect of Fu e l Ty p e on Formaldehyde Emissions 
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8 . DISCUSSION OF ENGI NE PERFO RMANC E 
8 .1 Effect of Compre ss ion Ratio on Engin e Performance 
The effect of compressio n ratio 
documented in the iiterature. 
on engine p erform3nce is well 
It is thus interesting to see 
that the results from the present investigation are largely in 
agreement with existing work and show that there was no gross 
error in the instrumentation . 
Efficie n cy is cla arly the param~ter of fundamental interes t 
and changes in other meas ur ed par a meters will be used to support 
changes in efficiency . 
A comparison may be ma d e b e tween the ex p er iment a l results and 
the relationship derived from the literature. The experimental 
result s for liquid methan ol wit hou t air preheat gave efficiencies 
of 33 ,1, 36,5 and 37 , 1 at compression ratios of 8, 12 and 14 
respectively and stoichiometric mi xt ure s. App lying the re-
lationship derived from the literature to the efficien c y 
measured at a compression ratio of 8 gives efficiencies of 33 ,1, 
36 ,2 and 37 , 4 . Since the relationship was derived for use 
with compression ratios below 12 it appears less effective at 
high compres s ion ratios wher e gain in efficiency diminishes. 
Probably the most obviou s advantage of higher compression ratios 
is the increase d expansion rat io. This is clearly shown when 
increasing compression r at io from 8 to 12 by th e 3,7 p ercentage 
point drop in e x haust energy . This was accompanied b~ a 3,1 
percentage point increase in efficie ncy and 0,3 percentage point 
increase in coolant en e r gy . 
The effect of in c reased squish created by the higher compression 
ratio is seen in the reduced co mbustion duration and CO emissions . 
But the increase in cyli nder turbul e nce also incr ease d the peak 
pressure scatter . 
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8.2 Effect of Air Preheat on Engine Performance 
Air preheat is of interest because of the relative ease with 
which air to an internal combustion engine may be heated using 
waste heat. This was seen as a mea~s to i ncre ase the pro-
port i on of methanol v apo rised before ignition and in so doing 
to improve the efficiency . 
The amount of methanol which can be vaporised for a given air 
temperature may be calculated theoretically from a simple energy 
bala~ce; vaporisation of the methanol will stop either when the 
air temperature has dropped sufficiently for it to be saturated 
with vapo ur or when all the met hanol has evapo rated. Table 3 
relates the preheat to the mixtur e temperature and percentage 
methanol vaporised at stoichiometric conditions, ambient 
0 
temperature of 20 C and when sufficient time is available for 






Theoretical Effect of Air Preheat on Vapori-
sation for a Stoichiometric Mixt ure and 
Initial Temperature of 20°[ 




During the experimental work the temperature of the fuel-air 
mixture was measured just upstream of the inlet v alve . From 
these results the percentage methanol vaporised could be calcu-
lated. 
Table 4. 
This has been done for sto i chiometric con~itions in 






Measured Effect of Air Preheat on Vapo ri-
sation for a StJichiometric Mixture and 
Initial Temp erature of 20°[ 




These results show that in sufficient time was available for 
equilibriu m to be reached. Where goo d mixt ur e pre para tion is 
important the standard intake system is ge nerally re~laced with 
a high capacity baffl ed mi x ing chamber. 
In the present in vest igation i nsreas ing ai r pr eheat was accom-
pani e d b y a loss in efficiency over most of the operating range, 
even if the c alorific valu e of the fuel exclude s the preheat 
energy. Increased preheat do es however increase the LML with 
a resultant gain in efficiency when operating near the LML. 
The reduction in efficiency is in agreement with th3 results 
of a computer model reported by Taylor 1591. No explanation 
of the phenomenon was given. In another investigation using 
propane as the fuel, air preheat was found to increase the LML 
and . efficiency in the lean region without any reduction in 
efficiency over the normal fu~l-air mixture range [301. 
' 
Trends in the energy rejected to the coolant and exhaust are of 
little value sinc e the effect of air preheat ch anges over the 
range of fu el -air mi x tures for no apparent reason. Consideration 
of the more fundamental parameters appears more informative in 
this c ase . 
The red uction in combustion duration with increasing prehea t 
is as a result of the higher fla me speed whe n the mixture 
temperature is increased. This may be expected to increase 
the efficiency as the cycle moves closer to the top dead centre 
combustion of the Otto cycle. Increasing preheat also leads 
to a redu=tion in peak pressure scatter. This may be inter-
preted as a lower percentage of cycles with incomplete combustion 
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and should lead to an increase in efficiency . 
However, the two most intere st ing parameters are the CO in the 
exhaust gas and the exhaust temperat ure. Air preheat will 
in cre ase the pe ak cycle t empe rature which will increase the 
dissociation of CO
2 
accordin g to the following reaction: 
CO
2
~ CO + -to
2 
T he reaction from left to right is strongly endot~ermic. Now, 
even though the expansion ratio is constant, the exhaust gas 
temperatures for rich mixtures decrease with increased preheat. 
This can be explained in terms of the incomplete recombination 
of the o
2 
and CO molecul es , which i s a sl ower rea ction than the 
dissociation reaction because i t occurs at lower temperat ure s 
during the e x pansion strok e and will be incomplete when exhaust ed 
from the cy linder. 
The increas ed dissociation t~at accompanies i nc reased preheat 
will thus abso r b energy which i s n ot recov e red in the incomplete 
recombination reaction and wi ll app ea r as an increase in CO in 
tha exhaust gas . As me ntioned pr e viously, the effect is only 
prevalent for rich mixtures and appears to explain the loss in 
efficiency with increas e d pre h eat in this region. 
These results are in contrast to those re ported by Hilden and 
Parks [191 for vaporised meth a nol. They reported a lower 
efficiency for th e vap orised methanol but with reductions of 
60 - BO% in CO emissions . No reason for the lower efficiency 
was apparent. 
Retu=n in g to the results for exha ust energy, the increase in 
exha ust energy with air preheat for rich mixtures appears 
surprising since tha exhaust gas temperature decreases. However, 
this effect appears to be due to the relatively large percentage 





8 . 3 Effect of Fuel Type on Engine Performance 
Table 5 summaries the re su lts for t h e efficiencies of the 
different fuels . 




Liquid Vaporised Dissociated Carbon 
Ratio Hydrogen 
Methanol Methanol Methano l Monoxide 
0,4 - - 34,2 38,2 -
0,8 - 35 ,5 30, 7 32,8 -
1,0 33 , l 32,4 29 ,l 29,8 28,2 
1,2 31 ,0 28 , 4 2 7 , 8 26,7 25,5 
Th e re sults will be conside re d fi~st for vaporised methanol, then 
f or d i ssoc ia t ed methanol. 
8.3.l Vaporised Methanol 
Vaporised methanol initially appear s to be a very promising fuel 
with shorter combustion duration and less peak pressure scatter 
than ~ith liquid methanol fuel . In fact, vaporised methanol 
does offer improved efficiency over liquid methanol fueling for 
equivalence ratios less than 0,9. · However, this improvement 
appears to be due simpl y t o a n extensi o n in the LML, permitting 
operation at leaner mixtures than with liquid methanol. 
For eq~ivalence ratios greater than 0,9 there is evidence of the 
same problem that was encountere d with air preheat. Efficiency 
is being reduced due to the endothermic dissociation of CO
2
, 
without co~plete recombination. There is the same drop in 
exhaust temperature and increase in CO emissions as the mixture 
becomes richer than stoichiometric. 
The trend in coolant and e x haust en e rgy is similar to that for 
air preheat. 
8.3.2 Dissociated Methanol 
From the review of the literature, dissociated methanol fueling 
was expected to result in a lower ef f iciency than for liquid 
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met hanol f u eling , b ut th e d ecre2se me2surEd e x ~er imentally was 
grea ter th2 ~ e x p Ect eci . I t ~2s only a t th e LML th et dis sociated 
met~ano l wa s able to eq ual th e e fficiency of liquid methanol . 
This prcb len ma~ be cons id erec i n tw o stages . First ly , there 
i s t h e comparison b etween d is soc ia ted methanol and hydrogen and 
secondly · b etween hydr ogen and liquid methanol. 
The lower efficiency fo r dissociated methanol in comparison 
with hydrogen is due to the presence of carbon monoxide which 
shows some unfdvourable c o mbustion ch a racteristics: 
(i) Th e abuncance of carb o n atom s in the fuel r esults in 
(ii) 
a lumincus flam e wit h an in c=e ase in hea t lost to the 
ccol a nt by radi a tion, which is not reccvered by reduced 
en ergy in th e ex haust gas. 
An i ncrease in co mbust i on duration to that of liquid 
methanol . 
(iii) A s ignificant increase in peak pressure scatter. 
(iv) When combined ~ ith hydr ogen to form dissociated methanol, 
ther e i s a 21% reduc t ion in th e ratio of mo les of 
p rodu ct to moles of r eactant for c ombustion of dis-
sociat ed methanol as ccmpared to hydrog e n and liqui~ 
metha n ol . Thi s i s probably the main re ason for 
r edu cec efficienc y . 
However, this decrease in the product : reactant mclar ratio 
also resulted in lower p eak cylinde r pr e ssures a rrd thus lower 
peak tem peratures . This in turn should recuce the dissociation 
of CO2 to CO and must have had a beneficial effect on efficiency 
and CO emissions . 
The low e r effici e ncy for hydro ge n in comparison with liquid 
methanol is not imrneciat e ly appar ent . Only f or e~uivalence 
ratios less thar 0 ,7 does hydrogen offer a higher efficiency 
than liquid methanol. 
The combu stion . duration of hydrogen for equiyalence ratios 
greater than 0,6 is extr emely short and facilitates ccmplete 
113 
combustion near top dead centre. The peak pressure scatter is 
alsc lower than for any other fuel ard indicates that adequate 
mixing of th e hydrog En-air charge has occured. 
However, it appears that this rapid combustion may indirectly 
be respo nsible fo= the red uct ion in efficiency . The concept 
of combustion knock has already been presented . Now , it 
appears that the pressure waves set µpin the cylinder as a 
result of combustion knock are responsible for an increase in 
the heat transfer through the boundary layer . For eGui v alence 
ratios greater than C,8 h ydrogen shows coola~t energy losses 
approximatel y 3 percentage points higher than for liquid methanol 
while having comparable exhaust energy lo ss e s . This is mo re 
than sufficient to account for the lower efficiency of hyd r ogen . 
At this point it is necessary to recall th at the primary objec-
tive in dissociating the methanol was the r ec overy of waste 
heat amounting to 20% of the net calorific value of meth2n ol. 
Thus for dissociation of methanol onboard a vehicle, the 
efficiency will be based on the net calorific valve of liquid 
methanol and the resultant efficiency i s shown in figure 42. 
Also shown in figure 42 is the efficiency for vaporised methanol 
where the heat of vaporisat io n has been recovered from waste 
heat . The potential of vapori sed methanol to improve thermal 
efficiency is apparert for equivalence ratios of 0 , 7 - 1 , 0 
where v apor i s~c and dissociated methanol shov1 effectively the 
same overall efficiency . 
Figure 43 shows that both hydrogen and dissociatec methanol 
show a significant loss in power in compari s on with liquid 
methanol . Table 6 compares the measured change in indic ated 
power (with respect to liquid methanol) to the theoretic a l 
chanse in power assuming similar combustion efficiency and an 
equivalence ratio of l. 
114 
Table 6. ---- Measured an d Theoretical Change in Power with Fuel 
Typ e at Sto~chiometric Conditicns with respect to 
Liquid Metha nol 
Fuel 
Co ndit i ons 
Li qu id Vc::porised Disso- Carb on diated Hydrogen Met h ,jr1 o 1 Methancl Met hanol Monoxide 
-
E><: per imental D -1, 9% -18,7% -20,7% -12,1% 
Th eoretical D -12, 3% -15, 3% -19,9 % -6, 3% 
8.4 Eviden ce of Abnor~al Combustion with Dissociated Methanol 
The pres ence of various fc r ms of knock wi th hydrogen fueling has 
alrea dy be en cealt with . A distinct ion was made between com-
bustion knock due to an abnormall y high rate of flam e propagation 
and detonation knock due tc autoignition ar.~ explosion of the end 
gas. Gener a lly, most investigators reported that ''knock" limited 
mixture s trength to below stoichiometric even for compression 
ra tios of 8. 
I n this i nvestigation di ssoc iat e d methanol and hydrogen .behav e d 
similarly with respect to knock ph e nomena . Th us further 
i nvestigatior of t~ese phenomena wa s carried out with hydrogen 
fue l in g because of the greater ease of op e ra t ion on a single 
gas. 
The engine was operated on hydrog e n at a compress irn ratio of 
8 and MET spark timing for mi xture strengt hs u p tc 30% rich. 
Th e only ev i dence of abnormal combust ion was the presence of 
"r oui; h running " for mixture strengths richer than stoichio-
metr ic, which appeared as very low amplitude, high frequency 
press ure pulsat i ons on th e oscilloscope . The se could only be 
recorded on film by leavin; the camera shutter cp8n as the 
trace swep t across the oscilloscope screer.. Figure 4 7a is a 
typic 2l pre ss ure-cr a nk angle diagr a m for a 10% rich mixture at 




Typical Indicat or Di agram f or a 10% 
Rich Hydrogen Mixture with Engine 
Roughness Present 
Typical Indicator Diagram for a 10% Rich 
Hydrogen Mixture with Advanced Spark 
Timing and Knock apparently Prest-Jr1t. 
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In ccntrast to this a definite knock, almost a thudding, was 
he2rd when either t~e spark timing was advanced or compression 
ratio raised to 12 at MET spark timing , still with a 10% rich 
mi x ture . Figure 47b is a pressure -c rank angle diagram obtained 
~ ith an aci~anced spark timing . The pulsations were no~ of a 
much larger ampl itude than anything whi c h had been experienced 
durin g testing. 
The detailed investigation of abnormal combustion phenomena was 
beyond the sc6pe of the present work , but these tests have high-
lighted the fact that engines running on li~uid or vaporised 
methanol would be able to benefit from high compression ratios 
unusabl e wi th diss ociated me tha no l . 
An extreme example wi ll be used by way of illustration . The 
dissociated methanol engine wi ll probably be limited to a 
com~ression ratio close to 8 to minimise abnormal comcustion, 
while it has been found that a compression ratio of 14 may be 
used with the liquic methanol fuel ed ensine. Then at an 
equivale nc e ratio of 0,8 the dissociated methanol engine will 
have an efficiency of 36 , 8% (based on the calorific v alue of 
liquid methanol) as against 38,8% for the liquid methanol 
engine. 
Further evidence of abnormal combustion with hydrogen was 
encountered in extremely rare preignition and backfire . Figure 
48a is a pressure-crank angle diagram showing an isolated pre-
ignition. Figure 48b shows the events in the cylinder which 
preceded a backfire. Th e cycle in which backfire occurred is 
shown by the lowest curve. There is absolutely no indication 
that the backfire was initiated by preignition. 
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In ciicator Diagram showing Preig nition 
with ~ydrogen Fu el i ng 
Indic ator Diagram showing events preceding 
a Backfire with HydrogeH Fueling 
118 
0 
/ . DISCUSSION OF EXHA US T EMI55IGN5 
9.1 Methanol Emis s ion s 
I n the present investiga t ion methanol emis s ion s ar e effectively 
synonymou s with UBF em is s ion s since methan e emissio n s (the other 
major constituent of UBF) are an order of magnitude lower than 
metharol . 
Figu~e 44 shows that vaporisation of methanol is accompanied by 
an order of m2gnitude decrease in me thanol emiss ions. This is 
as a result of the more homcgeneous in-cylin de r fuel-air 
mixture (no pocket s of rich mixture) and absence of liquid 
fuel accumulation in the cylinde r quencr zone. The diffe rence 
in methanol emissions between liquid and vaporised fuel for 
mixtures leaner than stoichiometri r corresponds to 1,5% of the 
wethanol in the or iginal ch arge . 
Compariscn with the resul ts of previ ous inv estigations, Figure 
7 , shows that the emissions with liquid wethanol in the present 
investig 2t ion we re somewhat higher, probably due to thE delibera tely 
poor mi xt ur e pr eparation . Th e r esults for the r e duction in 
methEncl emis s ions accompanying v apor isation are in agree~ent with 
those in Figure 9 . 
No methanol was detected (i . e . le ss than 10 pp~) for dissociated 
methanol fueling . Pefley claimed some e rra t ic trace con c en-
trations ll4 ] b ut any synthesis o f methanol according to the 
reaction: 
will be inhibited ty temperatures abcve 300°[ sincE the reaction 
is exothermic. 
9.2 Methane Emissions 
Methane was the only hydrocarbon com~ound detected in the exhaust 
gas for dissociated methanol fueling. The source of this 
met~ane was probably the recombination of carbon monoxid e and 
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Thi s reaction ha s been shown to procee d readily at temperatures 
abov e 200°C in the presence of iron [1 41. 
Pr ev ious inve s tigations suggested that inc omplete combustion may 
have been the cause of the poor efficiency of dissociated 
methanol. The presence of substantial concentrations of 
methcne in the exhaust gas would have supported this theory. 
However, figure 45 shows conclusively that methane emiss ions 
are particularly low with dissociated methanol. 
9.3 Formaldehyde Emission s 
The formald ehyde emiss ions are presented in figure 46 . The 
emissions for liquid methanol fueling agree with the general 
trend of previous investigations, figure 8, with the exception 
of the results of Hilden and Parks 1191 and Pischinger and 
Kramer t 371. 
The trend for the reduction in formaldehyde emissions accompany-
ing vaporisation is opposite to that reported by Hilden and 
Parks, figur e 9, but that was from somewhat irregular curves. 
Probably the most interesting aspect is th e relation between 
methanol and formaldehyde emissions, since it has been proposed 
that formaldehyde is one of the o x idation products of unburnt 
methan ol. 
Considering first dis soc iat ed methanol, the absence of both 
unburnt methanol and formaldehyde offers some support to the 
theory. 
Considering liquid and va porised methanol ne xt , it i s found that 
an increase in methanol emissions is accompanied by an increase 
in formaldehyde for mixtures le a ner than stoichiometric . For 
mixtures richer than stoichiometric an increase in methanol 
emissions has no effect on formaldehyde emissions. 
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It appears that these effects can be satisfactorily explained 
with respect to the pyrolytic decomposition of formaldehyde and 
the dehydrogenation of methanol [351. 
Pyrolytic decomposition of formaldehyde occurs at temperat ures 
0 











HCOOH (formic acid) 
co + H2D 
CO 2 + H2 D 
The dehydrog enatio n of methanol is 0 essentially complete at 500 C 
and is represented by tl1e following reaction: 
The relative rate of dehydrogenation of methanol and decomposi-
tion of formaldehyde will determine the final concentration of 
formaldehyde in the exhaust gas. The dehydrog enation reaction 
is active at all mixture stre ngths wh ile the decomposition 
reaction is most effective at lean mixtures where there is an 
excess of oxygen. 
However, it appears that at the temperatures experien ced in the 
exhaust, the dehydrogenation reaction is faster than the 
deccmposition reaction in the presence of oxygen and hence th e 
high formaldehyde concentrations ~ith lean mixtures. 
In the absence of oxygen, i.e. a rich mixture, the dehydro-
genation reaction is relatively slow while the decomposition 
reactions are limited by the availability of oxygen. This means 
that fo r rich mixtures, the unburnt methanol in the exha ust gas 
will probably remain unr eacted. 
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10 . SYSTEM DESIGN FOR ONBOARD DISSOCIATION OF ~ETHANOL 
The preceding discussion has assumed the availability of hydrog en 
and carbon monoxide from an onboard dissociation reaction . In 
fact, without the recovery of waste heat through onboard dis-
sociation , dissociated methanol is considerably less attractive 
as a future automctiv e fuel than pure hydrogen. The following 
discussion considers the system design for onboard dissociation 
of methanol from the reaction itself to considerations of 
vehicle operation as reported in the literatuie. 
10.1 Dissociation Reaction 
The fundamental reaction may be r eprese nted as follows: 
+ co ) 
( g 
The enthalpy of reaction i s appro x i matel y 4000 kJ/kg at 298 K 
(equivalent to 20% of the net calorific value of methanol). 
The dis soc iation reaction proceed s from left to right. From 
equilibrium considerations the cissociation is complete at 200°C 
and atmospheric pressure or 300°C and 10 bar pressure 1601. 
There is usually insufficient time for equilibrium to be reached 
with the result that the yield will be less than that computed 
from equilibrium considerations. In addition, the reaction 
does not proceed in isolation but is accompanied by side reactions 
producing such products as dimethyl ether and methane. In order 
to reduce the effect of these difficulties, a catalyst is 
generally used in the reaction. The function of the catalyst 
is to increase the rate at which equilibrium is approached and 
to suppress the side reactions. 
Catalysts generally contain one or more of the oxides of zinc, 
copper, chromium and platinum 1141 The catalysts are made up 
into small porous pellets and are packed into a catalytic b ed 
into which the gaseous feedstock is introduced. Because of 
their porosity the catalytic pellets have low thermal conducti-
vity. Their effective s urface to volume ratio is high and 
their heat capacity low . 
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10.2 EnErgy Consid e ration s 
The breakdown of energy requi re d to dissociate methanol is given 
in Table 7 below, u s ing thermod y namic data from reference {61]. 
Table 7. Bre ak do wn of th e En er gy Required fo r Dissociation 
Process Temperature Energy % Total Required (kJ/kg) 
--
PrehEating 20 - 65°[ 112 2 
Vaporisation 65°[ 1119 20 
Superheating 65 - 300° [ 436 8 
Dissocia t i o n 3 00°[ 3 992 _]Q 
5659 100 --
It is proposed that thE methanol di s sociation b e accomplished 
with engine e x haust energy. It is thu~ necessary to compare 
the thermal energy av a il a bl e in t h e ex h a ust ga s with the ene r gy 
requirements listed in table 7. 
In an au to motive application the available exhaust energy is a 
function of engine load, fuel-ai r ratio, sp e ed and other less 
important variables. Result s from the e x perimental investiga-
tion c a n be used to ~redict available energy at full load and 
low sp e ed only. 
From figure 36 it can be seen tha t for dis s ociated methanol 
fueling a minimum of 26% of t h e n e t ca lorific v a lu e o f dissocia -
ted meth2nol is availabl e a s t h erma l e n e rg y in the e x haust gas 
at an initial temper a ture abov e 600°[. 
The limiting energy requirement fo r the di s sociation reaction 
is the availability of 17% of th e net calorific value as thermal 
0 
energy at a tempe r 2ture abov e 300 C. 
For a typical exh a ust gas composition and initial temperature 
of 650°[, it was found that 6C % of the th e rmal energy in the 
e x haust gas was available above 300°[. This is equivalent to 
about 16% of the net calorific valu e and would probably be just 
insufficient to di s sociat e all th e methanol in this particular 
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instance. In addition, sinc e thi s energy has to be transferred 
0 
against a t e mp e r at u re o f 300 C, larg e heat transfer surfaces will 
b e needed t o co unt e ract th e s mall temperature difference at the 
lower e nd . In fact, di ssoc i at ion of 100% of the fuel appears 
qui te im pra c t icable. 
10.3 Hardware Development 
A system for the onboard dissociation of methanol is one which 
will accept liquid methanol at ambient temperature and produce 
dissociated methanol sutject t o th e availability of space and 
thermal ene r gy onboard a ve h icl e . 
Such a s yst e m ma y be divid e d i nto t hree ele mentE : 
(i) Vapor ise r. Engin e coo l ant i s used t o vap o rise the 
(ii) 
0 
liquid me thanol at a temperat u re cf about 65 C. 
Superheater and dissociation reactor. Energy is 
supplied from th e ex h a u s t ga s at a temperature of 
350 - 600cc . Th e me thanol v a p o ur is introduced 
first into the superheat e r wh e r e a temperature of 
300°[ is attained . The sup e rheated vapour is 
e x po se d to the catalyst at a te~perature of 300°[ -
0 
400 C to pro~ote ~i ss o c iation to hydrogen and carbon 
monoxide. 
(iii) Aftercooler. The product gas is cooled by engine 
coolant to increa s e it s densit y prior to admission 
to the combustion chamber. 
The only one of these elements to present any difficulty is the 
dissociation reactor itself. The fundamental problem is how 
to transfer the energy for disso c iation into the reactor. 
The low th e rmal conductivity of t~e catalyst limits the energy 
available from direct catalyst bed heating. On the other hand, 
if the energy is to be supplied by sw~erheated vapour alone, 
then 1300°[ of sup e rheat is required, but thermal stability of 
the catalyst may be impaired by temreratures as low as 350°C {141, 
althou£h this will depend on the particular catalyst. 
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This prob:em may be solved by improving the thermal conductivity 
of the catalyst and emp lo ying a series heating and dissociation 
system. 
The catal yst includes a catalyst carrier in substantial excess 
which is used to provide a de si rabl F distribution of por e s and 
bulk den f, ::ty . By ca reful selaction of a catalyst carrier with 
a relatively high thermaJ conductivity, such as alumina , it 
shculd be possible to increase the transfer of energy by di rect 
catalyst bed heating . 
A series heati ng and dis sociation system would cons ist of 
alternate superh eat and ci s sociation stages. A sandwich type 
design would facilitate superheating the r ema ining vapour 
immediately following a di ss ociation s tage in a single hea t 
exchanger through ~hic h t~e e x haust gas flo wed. 
Result s from actual investigation s have shown that for a 
methanol flow ra te of 10 kg/h (sufficient for a 2 1 engine ) 
approximately 4 1 of catalyst would be required with a totaJ. 
reactor volu me of about 7 land system mass o f 50 kg 14,141. 
A conversion efficien c y from liquid to dissociated methanol of 
BO% has been claimed for such a system t41. The desjgn of a 
typical system is shmm in figure 48 {621. 
Fuel 






Figure 49 . Design of a Dissociated Methanol 





10.4 Vehicle Operation 
Only one report of a vehicle utilising onboerd dissociation of 
methanol was found in the literature [4]. The report was 
remarkable in that no prob:ems were reported, althougl1 no 
mention was made of ho ~1 c old start-u p was a c hieved or whether 
heav y accel e ration was possible. Ho ~e ver, it was mentioned 
that at high s~ee d the e x haust temperature rises and reactor's 
performance improved. At low speed , under light load, a richer 
mixture was required than und er normal operating ccnditions to 
preve nt a drop in exhaust gas temperat ure since low power 
output was a chieved by using v ery lF2n mixt ures. Low exhaust 
gas tem~eratures ~ ere found to p romo t e dehydration to dimethyl 
ether in prefer ence to dissociation to hydrogen and carbon 
monoxide. 
Endurance tests have revealed that some loss in the effectiveness 
of the cat alys t may be expected within a hurdred hours of 
operat ion {631. Th e effects of cyclic on-off operatio n of the 
type expected in an automotive dissociation application have 
not been ass ess ed, but the dissociation products act as a 
reducing agent on the catalyst and may help to maintain 
activity under cyclic loading conditions [141. The condensa-
tion of methanol in the catalyst bed will be a problem since 
reheating and vaporisation of saturated pellets will adversely 
affect the performance of the catalyst. 
The problems of cold start-up and heavy acceleration both have 
their origin in the dependency of the fuel supply on the 
availability of engine waste heat. 
Three possible solutions are worthy of consideration: 
(i) The us~ of reservoir and compressor to store some of 
the gaseous ~roouct above the system pressure. This 
would facilitate both cold start and high pressure 
fuel injection from the reservoir. 
(ii) The su~plementary injection of liquid methanol 
directly into the intake ports of the engine {621. 
The liquid methanol would be used only for start-up 
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and wher th e output of th e di s sociation reactor 
is i nsu ffici ent to meet th e d Em and, such as under 
heavy acceleration. 
(iii) A dual fuel sy stem in=c~poratin g a part ial dissociaticn 
r ~actor ll41 . In t his s y s tem a se p a ra te vapor.iser and 
supcrheater unit is a jded ~ o th e su per h e ater - dissociation 
rea 2 tor Gnit . A rro~ortionirg valve is used between 
these two units to Bnebl 8 th e superheated methanol 
vapour to be routed eith e r directly to the fuel 
admi s sion system, i.e. b y pa ss ing the dissociation 
rea c t.or, o r via the diss oc ia t i o n rea c tor to the fuel 
ad missio n system . The sup e rhe at e d v a pou r would only 
bypass th3 dissociation reactor in th e proportion 
needed to meet the shortfall in the engine ' s demand 
for dissocieted methanol . It was estimated that 
while it wo u l d t a ka at l East five minute s for the 
dissociation reactor t o reach operatin~ temperature 
from a cold sturt, s u per h ea t ed me t ha nol v ap our would 
be available within one minute. 
The inherent disadvantages in both the second and third solution3 
is the need to supply the correct fuel-air ratio for varying 
mix tures of two completely different fuel3 . 
In conclusinn~ it a~pears that di s sociatio n of all the engine's 
fuel requirement will be impracticable in view of the ins uffi -
cient high tempereture energy available. 
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11 . CONCLU SIONS 
It has been sho wn that the dissociation of methano l onboard a 
vEh icl e us i ng eng i ne wa ste heat has the ~otential to improve 
thermal eff i c~ercy by u~ tc 10 % in compar~son v;ith liquid 
methano l and to effective l y eliminate the undesirable exhaust 
emis sio rs associated with liquid ~ethanol . This ccmcination 
of attr ibu tes is presently unmatched by any known fuel. 
A fuel of this excellence is not , however , obtained witho ut 
some ~enalty bein g incurred elsewhere. Th e penalty incurred 
wi.th dissociated methano l i s th e ne e d to achi eve the dissocia-
tion onbcard a vehicle using ergine waste heat. The dissociation 
reaction itself requires a temperature cf 300°[ in the presence 
of a catalyst . It appears tha t even with a n ideal cat2lyst 
ther e is insufficient e nergy in the e x haust gas to dissociate 
all the methanol. In addition, the catalysts presently 
availablP will no t be able to maint a in their activity for an 
app rH ciable per i od and will be se v erely degraded by the thermal 
cycling encountered in an automotive application . 
In addition to these difficulties there sti ll remains the need 
to provide a dual fuel system , the contribution from dissociated 
methanol only becoming significant when the v ehicle is used for 
a r~latively long distanc~. 
The investigation revealed that the potential of vaporised 
methane! to improve efficiency and reduce emissions was almcst 
comparable to dissociated methanol. There is no technical 
difficulty involved in vaporising meth~nol on toard a vehicle 
and a prctotype vaporised methanol f~eled vehicle is already 
in comme=cial use. ' 
In ccnclusion, it appears that the benefit s of dissociate d 
methanol in re ga= d to efficiency and emissions over and above 
these of vaporised methancl do not justify the considerably 
more complex hardware required. 
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APPEND IX A 
DEF~NITlO N CF THERMAL EFFI CIE NC Y 
Consid e rable unce=tainty surrounded the methods employed to 
dete =mine the thermal efficiencies reported in the . literature. 
As a result it wos seen to b e necessary to state e x plicitly 
how this was don e an~ th e values used. 
follow s that of reference [ 64]. 
The approach used here 
The th e rmal efficiency of a po we r p lant i s conventionally 






Qn e t 
thermal efficiency 
= net wo r k per unit fuel supplied 
= net calorific value (or lower 
heating v a lue) of f u el 
Ccnsideraticn will first be given to the calorific value term . 
Ca lorific value s are defin e d in terms of the number of heat 
units lib e rat ed when unit mass of fuel is burnt completely in 
a calorime ter under spec ifi e d conditions. For solid and 
liquid fuels the calorific volue is determined in a constant 
volume calorimeter, while a con stant pressure calorimeter is 
used fo r gasec u s fu els . The difference b etween calorific 
values at co~ s+~nt vo lum e an d c o nstant pressure is calculated 
from a kn cwledge of the differen ce bet ween the number of product 
and re actant mcles in the gaseous phase and in the present 
inves t igation was always les s t hen 0,2%, an amo un t which ~as 
n eg l ec ted. 
Th e term "net" used in conjunction with calorific value means 
thet th e water in th e product s is in th e vapour phase, as occurs 
in re a l engines. irGro ss ir calorific value mean s water in the 
products is in the liquid - pha se and consequently is numerically 
greater than the net volue. 
6% higher than th e net v a lue. 
For methanol the gross value is 
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Net calorific valu es used in this report refer to the fuel 
actually entering the cylind er . Thus , if the methanol has 
been vapori Hec, th en the nEt calorif ic value for vapour was 
used in the efficiency cal c ul2t iC1n. 
In the present inve stisat ion, nBt calor ific v5lues were calcu-
lated fr om hea ts of formation g iv en in references [61, 64] and 
are as fol lo1r1s: 
Liquid methanol: 19915 kJ/kg 
Vaporised methanol: 21099 kJ/kg 
Dissociated methanol ( 2 H 'l 
£ . 
+ CO): 23958 kJ/kg 
Hydrogen: 120915 kJ /kg 
Carbon Monoxide: 10106 kJ/kg 
The next term to be consider ed lS the net work . Thi s may be 
either the work deliver ed to the fl yw heel (bra ke work) or the 
actual . work done by the work ing fluid on the piston (indicated 
work). Usi ng th ese d e fini tions r esults in the brak e thermal 
efficiency anc indicated therm2l efficiency, respectively. 
Incicat ed thermal efficiency was se l e cted for th e present 
investigat ion for two reason s : 
(i) Results from similar work on single cylinder engines 
are invariably quoted in this forn. 
(ii) Friction los ses in a single cylinder test ensine are 
not representative of th ose in a multicylinder 
automotive engine. 
The next step was to establish the most su itabl e method cf 
measuring the indicated power. Th e two methods most commonly 
used are: 
(i) Area of indicator cards 
(ii) Addition of motoring power to brake power 
The use of indicator cards i s co m~licated by the cycle-to-cycle 
var iation in pressures encountered . Becaus e of this, some 
~e2ns of av erag ing successive cycles m~st be used. In · addition, 
the area of the card must be measur e d reproducibly, a feat 
which cannot be accomplished manually. 
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The se cond method involves the measur ement of bra ke power and 
th e po wer requir ed to motor the e ngine at th e s ame cond itir1ns . 
This me th od a ssumes that th e total frictio n lo ss e s during 
moto= i rg are eq ual to the s i mil a~ losses obtainEd duri ng fi ring . 
Howev er , two ob vious d i ffErence s are lowe r cyl inder pressu res 
ard temperatur ~s under motor i ng con dition s . 
I ndic at ed effic i enc ie s meas ured by these twG methcds s hould not 
differ b y more than about 2% {17). 
For the purposes of th e present invest igation , repro~ucibility 
of t he re sults was more important than accu r8 cy since changes 
were to be measured relativ e to liquid methano l. 
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APPENDIX B 
OUTL I NE OF ENER[Y BALANCE CALCLLATIDN 
The system u nder c ons idera t ion i s s ho wn schemat ically in figure 
50. 
Oc Qf = energy in fuel 
Qf 
Oe w = indicated work 
QC = energ y in coolant 
Qe = energy in e x haust gas 
( )w 
Figure 50. Ene~gy Balance Sch e matic 
The energy in the fuel was determined as the product of the 
fuel flow rate and ne t calorific value. 
The indicated work was determined as the sum of the brak e work 
and fri ctio n losses mea s ured by a b a lance atta ch ed to the 
swinging field dynamometer. Indicated power was corrected 
to an ambient temperature of 25°[. 
The en 8rgy in the coolant was determined as the product of 
coolant flo w rate and energy transferred to the ccolant while 
flowin g through the c y linder h ead. Th e flow r ate was measured 
by a rotamet er for which calibration constants were supplied by 
the manufacturer. These constants enabled the rotameter to be 
calibrated f or the coolant (distilled water) at the operating 
o 
temperature (70 C). 
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Th e energy in the exhaust gas required a knowledge of the 
exhaust gas corrposit ion, for which t t ,e follo wi ns combustion 
equation was set u p (for methanol) : 
A(C~.OH) 
j 
i E (D , 210 2 + 0 , 79N 2 ) + C(H 2D) 
D(CD - ) + 
~ 
E(CD ) + F(D 2 ) + G(H 2D) + D,7 9E(N 2 ) 
A was calculated from the fuel flo~ rate (cor re ct ed for ambient 
temperature) and E from the air flo w rate . [ accounted for 
the rroisture in the air measured by a wet and dry bulb thermo-
meter and was used to determin e th e value of E in conjunction 
with the flo w ~e t e r measurement s . 
Th e exhaus t gas composition was then determined by mass balence s 
for carbon, hydrogen 2nd o xygen and a ctua l measureme nts of 
carbon mon ox ide co nce ntr atio n s . This resulted in fou r equations 
in four un knowns but could not be solved implicitly because the 
c arbon monc x id e was expressed as a con ce ntration . 
was fou~d by the New t o n-Rap hson iterativ e method. 
Th e solution 
The temperature and composition of the e xhaust gas was used to 
calculate the t h er mal energy in th e exhaust gas as the difference 
b etween the enthalpy just downstream of the exh a ust valve 2nd 
t h e e nthalpy at ambient temperatur e . 
using s i xth G=der polynomials [ 66 ]. 
Enthalpies were calculated 
Th e sum of the indicated work, coo l a nt energy and ex haust energy 
was i n general not equal to the energy in th e fuel, since the 
fuel was n ot com~letely ox i dised. In stead , th e energy avail-
able was c alculated from the diff ere nce between the enth~lpy of 
the fLel and t h e ent halpy of the ex haus t gas, both at ambient 
t emperatu~e . Th e differ e n ce between thi s value and the sum of 
th e three energy terms was the unaccounted energ y. The un-
accounted energy was monitor e d continuously a n d found to be 
appro x imat e ly 5% of t h e energy available at rich mi xt ures and 
1 % a t lean mixtures. For th e er.ergy terms to be of comparative 
v a lue for th e different fuel s it was essential that this unaccoun-
ted ene rg y did not cha ng e with fuel type . Fortun ate ly it was 
found to be a function of eq uiv ale nce ratio only and no trend 
with fue: t ype coulo be found. 
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APPENDIX C 
DETAILS OF FUELS USED 
Metha nol 
Chemical grade methanol m2 nufa ctured to B550 6 specifications 
[65] was use d throughout the t est pr o g r amme . The standard 
lays do w~ th at th e meth2n ol shall ~e clear and free from 
matter in suspe~si on and shall corsist essent ia l ly o f methanol , 
CH
3
DH . The relative d ensity at 20°C should be 0,792 - 0,795. 
The methanol was store d in 200 l drum s and pumped to the 
engine's fu el tan k daily . MEas u remen~s of the relative 
densit y were ~ade regula ~ l y but it was f ound tc be constant 
at appro x imately 0,792. Ev e n aft e r se v eral d ays exposure to 
the atmosphere th e r e l at ive d ens ity changed negligibly. 
Hydrogen 
High ~urit y grade hydrog e n was used, wit h a minimum purity of 
99,9 %. The only significant impurity was nitrcgen. 
Carbon Monoxide 
Co mme rci al grade carbon mono x ide wa s u se d, with a minimum 
pu rit y of 98,0%. Th e impurities were nitrogen (0,8 - 1%) 
and oxygen and argon (0,4%). 
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APPEI\ID I X D 
ENGI NE PERFDR~AN CE RESU LTS - -
Th e resul ts cf the 191 eng ine test s carriEd out are tabulated 










equivale nce r at io 
indicated efficiency 
exhaust energy 
coolant energ y 
in di c a ted power 
exhaust gas temperature 
combustion dur at ion 
carbon monoxide concentration in exhaust gas 
peak pressure scatter 
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Fuel : Liquid methanol 
Ccmpression Ratio : 8 
Air Prehe a t: 0 
·- >---
¢ "f\ ( % ) Qe( %) Qc ( %) pi ( k~v) Te(°C) Be (°CA) CO(% ) PPs(%) 
--...----. 
0 ,850 33 ,8 33 ,8 28,7 3 , 21 596 58 0,50 56 
0 ,851 34 ,0 33 , 4 28,4 3 , 19 597 57 0,53 56 
0 ,85 4 33 ,8 33,4 28 ,7 3 , 22 6 01 57 0,54 55 
0 , 859 34 , 2 33, 4 28 , 6 3,25 599 5 7 0 ,5 5 54 
0 ,8 60 33 ,7 33 , 2 28 , 9 3 , 22 606 56 0 ,59 54 
0 , 881 34 , 0 32 ,8 29,3 3,30 617 54 0 ,60 48 
0 ,89 4 33,8 32 , 2 29 , 5 J , 31 622 53 0 ,58 45 
0 ,8 95 33,7 32,4 29,8 3 ,3 6 622 52 0,55 47 
0,901 33,8 31 ,9 29 , 5 3 , 37 620 53 0,59 44 I 
0 ,90 9 33 , 8 31 ,7 29,7 3 , 37 629 5 3 0,62 43 
0 ,912 34 ,0 31,9 30,0 3 , 39 629 52 0,54 43 
0 ,91 6 I 3 3, 6 31 , 8 30,0 3 , 40 634 52 0,61 42 
0 ,9 23 33,4 31,5 30,2 3 ,41 630 53 0,51 40 
0 ,9 35 33,4 31 ,5 30,2 3 ,44 635 50 0,59 41 
0,948 33,4 31 , 2 30,3 3 , 45 641 48 0,61 38 
0 ,961 33 , 6 30 ,8 . 30, 8 3 ,51 644 48 0,59 36 
0 ,9 90 33 ,0 30 , 3 31,l 3,59 659 45 0,69 33 
1,01 33,l 29,9 31,1 3,65 661 44 0,68 31 
1,06 32,5 29,1 31,8 3,74 671 39 1,01 28 
1 ,11 32,3 28 ,8 31 , 5 3 , 87 681 38 1,24 26 
1,18 31 ,0 28,7 31,3 3 , 98 681 37 1,65 24 
1,22 30,6 28 , 6 31 ,l 3,97 678 35 1,92 34 
1,24 30,2 29 ,0 30,8 4,01 676 36 2,21 24 
1,27 30,1 29,L 30,6 4,05 66 7 37 2,41 24 
1,32 29 , 4 29 , 4 29,8 4 ,0 3 657 36 2,90 24 
Fu el : Li q uid meth a no l 
Comp re ss i o n Re ti o : 1 2 
Air Prereat : 0 
r/J 1\ ( % ) Qe (%) Qc (%) Pi ( kW ) Te ( 0 c ) Bc( ° CA) CG(%) PPs(%) 
0 , 793 38 , 3 30 , 3 28,8 3 , 32 539 55 0,39 61 
o , ~96 38 , 0 2 9,9 28 , 3 3 , 37 537 55 0 , 42 6 3 
0 , 803 38 , 2 29 ,7 ! 2 8 , 7 3 , 37 541 55 0 , 44 63 
I O, 813 37 , 8 29 , 6 29 , l 3 , 4 3 542 53 0 , 4 1 5 7 
I 
0 , 830 3 7 , 7; 29 , 3 29 , 0 3 , 43 552 54 0 , 4 2 55 
0 , 851 37, 7 29 , l 29 , 6 3 , 56 565 5 2 0 , 42 55 
0 ,8 8 0 37 , 6 28 , 3 30 , 4 3 , 62 575 4 8 0,45 56 
0 , 89 1 37 , 4 2 7 , 8 30 , l 3 , 71 576 45 0, 4 6 51 
0 , 90 8 13 7' 2 27 , 9 30 , 8 3 , 72 584 45 0 , 4 5 52 
0 , 924 37,0 27 , 4 30 , 4 3 , 75 58 4 43 0 , 51 45 
0 ,955 36 , 9 2 6 , 6 31 ,l 3 , 8 3 59 0 4 3 0 , 54 43 
0 , 98 3 36 , 9 26 , 9 31, 2 3 , 99 603 40 0, 60 43 
0 , 9 98 3 6 , 5 26 , 4 31 , 6 3 , 98 60 1 40 0,65 44 
1 , 02 36 , 4 26 , 2 31, 9 4 ,09 611 3 7 0,68 43 
1 , 0 3 36 , l 26 , 2 31, 6 4 , 04 608 36 0 , 70 43 
1 , 0 9 35 , 3 25 , 8 31, 7 4 , 21 615 36 o ,~5 40 
1 , 14 34 , 6 25 , 4 32 , 0 4 , 23 621 3 3 1,12 3 9 
1 , 19 3 3 , 9 25 , 7 31, 9 4 , 36 6 21 31 1,51 37 
1 , 20 33 , 5 25 ,7 31, 6 4 , 32 617 3 2 1,5 6 3 5 
1 , 23 33 , 4 2 5 , 8 31, 6 4 , 42 6 1 8 32 1,93 31 
1 , 2 9 31, 8 26 , 2 30,6 4 , 4 6 607 34 2,63 28 
1 , 33 30 , 9 26 , 9 30,2 4 , 4 3 596 3 5 3,22 29 
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Fuel: Liquid methane! 
Ccmpression Ratio : 14 
Air Preheat : 0 
- ·- - - ··---
0 1\ ( % ) QE: ( %) Qc ( %) Pi( kW) Te ( 
0 c ) Bc(° CA) CO(% ) PPs(%) 
0 , 760 39 , 3 29,4 27 , 5 3,34 522 56 
I 
0,38 62 
0 , 76C 39 , 3 29 , 7 27,9 3 , 35 517 56 0 , 4 0 61 
o, 769 39 , l 29,6 28,0 3,33 524 
I 55 0,34 61 
0 ,780 38,8 29 , 0 28,l 3 , 42 525 
I 
54 0,38 56 
I O, 799 38 , 8 29 , 0 28,6 3 , 4 0 531 53 0,37 56 
0 , 816 38 , 4 28 , 7 29 , l 3 , 55 545 49 0 ,39 55 
0,843 38 , 6 28 ,l 29 , 2 3,63 553 46 0 , 37 53 I 
0 ,87 0 38,l 27,7 30 , 2 3 ,7 0 555 45 0,45 50 I 
0,889 38 ,l 27-, O 30 , 0 3 , 69 565 45 0,42 54 
0,908 38,0 26 , 9 30 , 3 3 , 76 564 41 0,49 49 
0 , 925 37,9 26 ,7 30 , 8 3 , 86 572 40 0,54 50 
0,96 4 37 , 6 26,1 31,l 3 , 92 578 38 0,59 49 
0 , 992 37 , 2 26 , l 31 , 4 4 , 00 589 38 0,66 44 
1,00 36,9 25 , 9 31 , 3 4 , 04 586 38 0,63 42 
1 , 05 36 , 2 25 , 3 31,9 4 ,14 599 35 0 ,69 40 
1,09 36 , 2 25 ,l 32 , l 4,20 597 35 0,92 41 
1 , 15 35,0 25,0 31,7 4 , 33 599 31 1,25 35 
1 ,20 34,7 24 , 8 31 ,6 4 , 39 607 32 1,48 31 
1,27 33 , 1 25 ,0 31 , l 4,48 600 32 2,19 26 
1 , 31 32 , 5 24 , 9 30,8 4 , 51 598 31 2,65 29 
14 5 
Fuel : Liquid metha nol 
Compression Ratio : 8 
Air Preheat : 3 00 \pj 
¢ 'Yj (%) Qe ( %) Qc ( %) Pi( kW ) Te ( °C ) &c(o CA ) CO(%) PPs(%) 
o, 776 34 , 2 34 , 4 28 , 3 3 , 0 3 593 58 0 ,36 53 
0 ,7 79 34 , 0 34 , 3 28,5 3 , 11 596 56 0,38 51 
0, 788 34, 0 34 ,l 28 , 5 3,16 604 57 0,39 50 
0 , 811 34 , 1 33,2 2 9, 3 3 , 24 608 55 0,42 47 
0 , 826 34 , 0 
' 
32 , 8 29 , 4 3 , 30 625 53 0,39 43 
0 , 840 33 , 7 32 ,7 29 , 8 3 , 29 622 50 0,40 40 
0 ,891 33,5 31 ,8 30 ,7 3 , 51 642 48 0,45 36 
0,905 33 , 2 J l,2 31,0 3 , 55 652 4 8 0,51 36 
0 ,931 33 , 1 30 ,8 I 31 , 3 3 , 61 658 45 0,48 32 I 
0 , 96 4 I 32 , 1 30 , 4 31 , 6 3, 76 667 44 0,55 29 
0,983 32 ,7 30, 4 31, 5 3 , 78 668 43 0,69 27 
0,998 32 , 4 30 , 3 31 , 5 3 , 79 6 78 44 0,68 29 
1,03 32 , 3 30 ,0 32 ,1 3,87 683 40 0,80 27 
1 , 09 31 , 5 29 ,8 31 ,7 3 , 97 6 79 39 1,22 2 3 
1,14 30,7 2 9 , 6 31 , 8 4 ,0 0 681 39 1,58 22 
1 ,17 30,6 29 , 9 31, 2 4 ,02 6 78 37 1,71 21 
1 , 23 29 , 6 30 , 3 30,5 3 , 98 671 37 2,31 21 
1,27 29,l 30 , 5 30,l 3,98 658 39 3,54 21 
1,31 28 ,0 31,l 29,0 3,90 645 3 9 4,95 18 
1,36 27 , 4 31 , 9 27,9 3,85 625 41 7,17 18 
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Fuel : Liquid met hanol 
Compress i on Ratio : 8 
Air Pr eheat : l 000 W 
0 l1 ( % ) Qe (%) Qc(%) Pi(k W) Te( °C ) 9c (°CA) co (%) PPs(%) 
0,646 36,3 34 ,6 27 , 3 2 , 55 594 57 0,34 69 
0,650 36 , 2 34 , 6 27,l 2,57 596 55 0,33 67 
0 , 6 58 35 ,7 34 , 2 27,7 2,60 598 52 0,31 67 
I 0,691 35 ,8 33 , 3 28 ,0 2 ,71 618 50 0 ,36 54 
0 , 713 35,2 33 , 4 28 ,7 2 ,76 625 4 7 0,38 48 
o, 740 35,l 33,l 29,2 2 ,8 5 640 44 0,41 38 
0,778 34,7 32 ,6 30 ,4 2 ,88 654 42 0,47 30 
0 ,820 33,7 32 ,l 30,7 3 ,0 2 664 41 0,48 26 
0 ,839 33,7 31 ,7 30 , 9 3 ,03 669 37 0,51 24 
0 ,871 33 , l 31 ,5 31, 4 3,0 7 674 38 0,64 23 
0 ,8 99 32,4 31 , 4 31 ,8 3,19 679 35 0,72 20 
0,941 31,8 30,9 32,0 3,26 683 36 0,91 20 
0,953 3 2 ,0 3lf2 31,8 3,22 681 35 0,96 20 
0,980 31,7 30 ,8 31,9 3 , 2 7 681 33 1,23 18 
0,993 31 ,l 31 ,0 32 , 4 3,32 683 32 1 ,3 1 19 
1,00 31,4 31,2 32,3 3,31 680 33 1,39 21 
1,04 30,7 31 ,3 31,9 3,33 685 32 1, 72 19 
1 ,07 30 ,2 31,2 31,8 3 , 35 671 31 2,04 20 
1 ,10 29,7 31 ,l 31 , 6 3,39 668 33 2,66 19 
1 ,17 28,6 31 , 7 30,8 3,30 646 32 4,34 20 
1,21 2 7,6 32 ,5 30,8 3,36 633 33 5,80 21 
1 ,24 27,l 33 ,l 29 ,8 3,30 619 33 7,37 20 
1,29 26,0 33 ,3 28,9 3 , 22 596 33 11,0 20 
14 7 
Fuel : Vaporised methan ol 
Compress io n Rat io: 8 
Air Preheat : 0 
¢ 'Y\( %) Qe (%) 
0,661 37 , 0 34 , 7 
0 ,6 63 3 7,0 34,6 
0 , 691 36 ,2 33 ,7 
0,755 35,7 32,8 
o, 760 35,7 32,7 
0, 81 1 35,3 31 ,5 
0 ,8 70 34,4 
I 
30 ,7 
0 ,8 98 34 , 3 30,9 
0,901 34,2 31,l 
0,930 33,3 30,9 
0 ,9 57 33 ,0 30 , 5 
I o. 988 32 ,9 30 ,7 
1 , 01 I 32 , 0 30 ,6 
1,03 
I 
32 , 0 30 , 3 
1 ,0 8 31 ,0 30 ,7 
11 , 1 3 30,0 31,l 
1 , 15 29 , 3 31 ,8 
1,19 28,l 31,8 
1,26 26,6 3 3 , 4 
1,28 25 , 8 33 , 6 
1,35 23,8 35,4 
Qc (%) Pi(kW) Te(°C) 
26,3 2,79 582 
26,5 2,84 582 
27 ,3 2,9 7 
I 
594 
28 , 8 3 , 16 628 
28,6 3 ,1 3 634 
29 ,5 3 , 27 651 
30,4 3 ,40 668 
30,6 3 , 3 9 676 
30 ,8 3, 44 675 
30,8 3, 4 4 6 85 
31, 4 3 , 54 686 
31,4 3 ,5 3 6 94 
31 , 5 3,53 
I 
693 
31 , 2 3 , 61 683 
31 , 5 3,57 677 
31 , 2 3,66 676 
30,8 3 , 62 665 
30,5 3 ,6 5 64 7 
29, 6 3 , 63 624 
29 , 4 3,53 607 
28 , 3 3 ,5 2 568 
Bc( °CA ) CO(%) PPs(%) 
54 0,05 53 
54 0 ,05 52 
53 0,07 45 
I 49 0,07 34 
48 0,05 33 
44 0,08 28 
40 I 0,11 24 
39 0,08 23 
38 0,12 23 
36 0,11 22 
37 0,24 23 
36 0,90 20 
34 0,97 20 
32 1 ,04 21 
31 1,59 20 
32 3 ,10 20 
33 3, 74 20 
32 5,64 21 
34 8,85 22 
34 9,63 23 
36 13,80 25 
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Fu e l: Di s s oc iate d meth ano l 
Comp r e ss i on Ra tio : 8 
Air Preh ea t: 0 
r/) 11 ( % ) Qe( %) Qc( %) Pi( kW ) Te(°C) Be ( 0 c A) CO(%) PPs('fo) 
0 , 391 34 , 4 31,6 31,2 1, 67 4 16 52 O, 4 9 38 
0 , 3 94 34 , 8 31 , 6 31 , 6 1, 62 4 04 52 0, 5 3 38 
' 
0 , 4 5 9 3 3 , 9 31, 4 33 , 4 1 , 84 446 4 8 0, 4 2 32 
0,508 33, 9 30 , 4 33 , 7 1 , 96 4 86 4 2 0,22 29 
0 ,5 70 33, 4 29, 9 34 ,9 2,17 515 38 0,18 25 
0 , 5 92 32,8 29,7 3 5, 3 2 ,2 4 51 6 38 0,14 24 
0 ,65 1 3 2 ,6 29,l 3 6 , 4 2 , 34 54 4 32 0,05 21 
0,6 8 0 32,8 2 8,7 37 ,3 2 , 42 563 35 0,05 20 
0,703 32,2 29,0 3 7 , 2 2, 45 565 30 0,05 19 
0,771 31, 4 2 8 , 2 38, 2 2,57 596 31 0,05 17 
0 ,8 24 31, 4 27,7 37,9 2,72 620 28 0,05 15 
0,886 30,4 27, 3 38,3 2,77 623 25 0,05 13 
0,913 29, 7 27,l 3 9,0 2,84 626 21 0,05 13 
O, 9 71 2 9 , 8 26,9 3 9,1 2,92 650 19 0,08 12 
0,997 29, l 26, 4 39 , l 2, 98 65 3 21 0,10 11 
1,02 28,6 26,2 39,2 2, 97 65 1 20 0,14 11 
1,06 28,8 26,6 38, 9 3, 04 6 50 1 8 0,15 10 
1,07 28,6 26,l 3 9,0 3, 04 65 4 20 0,18 10 
1,1 3 27 , l 25 , 8 3 8 , 3 3 , 06 652 19 0 ,35 9 
1,16 26 , 9 2 :i , 5 3 7 , 6 3 ,1 2 64 6 19 O, 76 8 
1 ,21 2 6 , 6 2 5 , l 38,0 3,09 66 0 17 1,13 8 
1 ,2 9 25, 5 2 5 , 2 37,0 3 ,18 636 16 1,84 7 
1,34 23,9 2 5 ,1 35 ,7 3 ,17 632 16 2, 25· 7 
14 9 
Fu::;l : Hydr ogen 
Compress ion Ra t io : 8 
Air Pre hea t : 0 
¢ 'Y1 ( %) Qe(%) Qc(%) Pi(kW) Te (°C) B-c ( oCA) CO (%) PPs( %) 
0 , 247 40 ,l 38 , 8 18,3 1,21 317 57 0 39 I 
O, 24 9 39 , 8 38 , 5 I 18,2 1,23 310 59 41 
0 ,273 40 ,0 38 , 0 I 19,3 1 ,28 I 339 
I 
57 36 I 
O, 2 98 39,7 37 , 8 I 20 , 0 1, 38 350 52 35 
I 
0 ,330 38,8 I 37 , 4 21,l 1 , 50 381 48 37 
0 , 371 38 , 6 
I 
36 , 6 22 , 4 1 , 69 401 45 32 
0 , 407 38,3 36 , 2 23 , 4 1,74 4 23 43 26 
0,453 37 , 3 35 , 0 24 , 9 1 , 94 I 455 I 42 27 I 
0,497 36 , 9 34 , 8 26,4 
I 
2 , 07 I 482 37 19 
0 ,571 36,3 33 , 6 28 , 2 2,23 518 30 18 
0 , 594 35 , 6 33 , 6 28 , 6 2 ,24 527 31 15 
0,661 35 ,0 32,6 30,l 2 , 42 554 26 11 
0 ,7 34 33,5 31,9 31,2 2,54 584 20 9 
0 , 773 33,3 31 , 4 31,7 2,66 6 04 22 10 
0 ,8 40 32,l 31 , 5 32,9 2,74 615 18 8 
0,910 31,4 30,8 33, 3 2 , 82 634 
I 
16 7 
0 ,982 30,4 30,8 34,l 2 ,81 641 16 7 
1 , 03 29 , 3 30 , 2 34, 7 2 , 87 642 15 6 
1 ,1 0 28,2 30 , 4 34 , l 2 ,9 6 646 13 5 
1,17 27,4 29 , 9 34 , 2 2 , 90 646 13 5 
1 , 22 26 ~7 30 ,3 34 ,0 2,86 636 14 5 
1,28 25,3 30 , 0 33,6 2,90 637 14 5 
150 
Fuel : Carbo n mono xide 
Compress ion Ra tio: 8 
Air Preheat: 0 
0 .7'\ (%) Qe ( %) Qc(%) Pi(kW) Te(°C ) B-c ( o CA ) CO(%) PPs(%) 
0 , 887 2 8 , 9 23,7 42 , 9 3 ,01 594 53 0 ,1 5 53 
0 ,888 28 ,9 24,0 4 3 , 4 3,02 591 54 0 , 18 54 
0 ,894 28,8 24 ,l 43 , 3 2,98 596 54 0,1 9 50 
0 ,910 28 , 4 23, 3 43,3 3 ,0 6 599 52 0,26 47 
0 , 923 28 , 4 23 , 6 4 3 , 5 3 , 01 60 4 50 0,29 39 
0 ,957 27,9 23 ,1 43,9 3 ,17 622 46 0,45 36 
0,980 28 ,l 22 , 6 43 ,7 3 , 20 628 43 D,55 30 
0,998 27,7 22 , 4 44 , 3 3,22 629 4 4 0,63 25 
1 , 01 27 , 8 21 , 8 43 , 9 3 ,1 7 635 43 0, 69 27 
1,04 27 ,7 21 ,7 44 ,0 3 , 23 638 4 1 0,81 21 
1 , 09 27,5 21 , 2 44,5 3 , 34 65 1 38 1,37 17 
1,11 27 , 5 21,0 44 , 4 3,33 652 37 1,61 16 
1 ,17 27,3 21 , l 44 , 5 3 , 39 664 36 2,57 16 
1,22 27,0 20 , 9 44 , 2 3 , 43 663 35 3,70 17 
1,27 26 , 9 20 , 8 44 ,5 3 , 43 668 3 5 5,27 17 
1 , 28 27,l 20 , 9 44,2 3, 42 66 4 37 5, 77 18 
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APPENDIX E 
CA L IBRATIO N FOR EMISSIO NS ANALYSIS 
Me thane a n d Me t hanol 
The conc e ntrations of methane and methanol were measured with a 
gas chromatograph equipped with a FID. The response of the 
FI D is proportional to the mass of c arbon in the sample for a 
particular species {67]. This made calibration particularly 
easy since relatively few s a mples were needed to establish the 
response of th e FID to a par t icular spe cies. Th e range over 
whi c h calibration wa s required was established by analysing 
actual exhaust samples over th e whole engine operating range. 
Calibration was then performed over this range. 
Calibration of the response to methan e was performed with 
me thane of 600 ppm concentration in nitrogen. The sample 
bottles mentioned previously were used to dilute the methane 
to the required concentration . . The bottles were partially 
evacuated and then filled from a sample bag containing 600 ppm 
methane at atmospheric pressure. 0,3 ml samples of this mixture 
wer e then injected into the gas chromatograph. The resultant 
c a libration was 38 ,5 area units per ppm methane (volume basis) 
in a 0,3 ml sample. 
Calibration of the response to methanol was performed with 
ana l ytic a l grade . methan o l. An initi a l volume of l ml was 
withdrawn with a pipette and diluted with distill e d water . 
l µ1 samples of this mixture were then injected into the gas 
chromatograph . The resultant calibration was 20 ,l area units 
per ppm metr.anol in a 0,3 ml gas sample. 
From these re s ults the ratio of th e re sponse to the carbon atom 
in methanol to that in methane was 0,5 2 . A value of 0,47 has 
been reported in the literature for a similar FID 168]. 
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Formaldehyde 
The response of the ME TH method to form aldeh yde was calibrated 
by u sing sa mples spi k s d with kno wn amourts o f formal dehyde. 
The formaldeh y de was used in the form of analytical grade 
formal in, which was assayed b y a commercial laboratory to 
contain 20,7 g formaldeh y de per 100 ml . This is significantly 
below the 37 g per 1 00 ml cla im e d by the manufacturer. Since 
there was n o e vidence of precipitation in the bottle , the 
ca libration was performed immediatel y following the assay on 
the advice of the analyst [69]. 
The method employed to obta in the c orrect conce ntr at io n of the 
calibration samp le was one of s ucc ess ive dilution in distilled 
water . l ml of formalin was with drawn with a pipe tte and 
efter dilution in water , l ml of the solution was added to 
2 0 ml of METH reagent . l ml of thi s solutio n was withdrawn 
and process ed as for the exhaust samples . Th e formalin 
solution was then further dilut ed and the procedure repeated. 
The absorbance was found to be proportional to the mass of 
formaldehyde in the sample. Figure 5~ relates the mass of 
formaldehyde in the imping e r to the measured absorbance. The 
standard error of the estimate is shown for 22 samples . The 
co n c entration of formaldehyde in the exh aust gas could then be 
calc ulat ed from this relationship once th e volume of exhaust 
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APP UH:I X F 
EMISSIONS RESULTS 
Liquid Me thanol 
¢ CH3DH CH 4 HCHO 
(p pm ) (ppm) (ppm) 
O, 8_56 2060 24 155 
0,868 2053 36 144 
0,890 2011 31 153 
0,909 19 58 37 160 
0,916 2013 47 148 
0, 93_8 1940 40 16 2 
0,956 1965 46 153 
0,985 1973 43 150 
0,99 4 2085 61 122 
1,01 1960 66 108 
1,03 2217 59 112 
1,03 · 2280 64 106 
1,07 2407 73 98 
1,10 2441 102 118 
1,13 2560 98 92 
1,17 3021 111 82 
I 1,20 3361 134 86 
1,23 3321 178 80 
1,26 384 0 221 88 
1,32 4550 264 76 
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Vaporised Methanol 
¢ CH 3 0H CH 4 HCHO 
(ppm) (ppm) (p pm ) 
• 
0,671 240 1 4 38 
0,690 220 13 · 41 
0,714 260 13 44 
0,728 261 13 35 
0, 7,5 7 165 10 43 
0,804 110 10 38 
0,830 215 11 30 
0,872 2_07 10 38 
0,893 67 13 I 31 
0,911 156 13 I 38 
0, 9_12 168 11 33 
0,969 240 14 25 
0,985 204 15 31 
1,01 265 14 21 
1,05 171 18 18 
1,07 253 18 23 
1,11 301 27 18 
1,19 358 46 24 
1,23 312 38 16 
1,28 4 98 59 22 
15 6 
Diss o c i ated Metha nol 
0 CH 30H CH 4 HCHO 
(ppm) (p pm ) (ppm) 
0,401 < 10 6 <l 




0,659 · 4 
0,723 8 










APPEND I X G 
DETA I LS OF DA TA RED UCTIO N 
Th e need for a regres s ion o f t he d e ~e n d ent variable against 
th e independent va riable has already been discussed . The 
details of how this was carried out wil l now be presente d. 
Least squar e s regre s sio n ~a y be u se d to fi t a c urv e to tre 
data such that th e su m of the square s of t he deviations about 
that curve is less than th e s um of the squares of the deviations 
about any o t her line cf t h e same m2th emati ca l type [701. 
This , however, means that thB type of ccrve must be deci ded on 
before starting . The curv es cor sid e re d for th e pres ent 
investigation were polynomials, exponentials and Hoerl 's 
special functions [711. Hoerl's special functions (f(x)=axbec x ) 
were used where polynomial and expone ntial curves both failed. 
An example of the method u se d will be given for the efficiency 
curve. From the numerous results in the literature an idea of 
the sh2pe of the curve was obtain e c. The e x ponential curve was 
n ot suitable since its shape was conca ve where the efficiency 
curve was convex . Next, polynomials of v ar io us degrees were 
tried. The criteria of acceptance or r eject i on were as follows: 
(i) Sh2pe of the curve (number of points of inflexion) 
(ii) Coefficient of determination 
(iii) Standard Error o f the estimate 
By way of explanation, th e coefficient of determ i na~ion may be 
interpreted as the percentage of the total variation in the 
depend ent variab le that is associated with v ariation in the 
independent v a riabl e [7 21. The standard error of the estimate 
may be interpreted in such a ~ay that if the deviations about 
the regression line are normally distrib ut ed, then it may be 
said that 68% of th e de v iations will lie wi thin a distance of 
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one s tand a rd error of th e estimat e from the line [72]. 
In the c ase of the eff i c i ency curves secon d ord e r p ol y nomials 
had c oefficients of determ i nation greater ~~2 n 9 7%. As th e 
order cf the pol y Gom ial i ~crease d , the co ~fficien t of det e r-
mi nat i on ehowed v ery l i ttle increase a lt~ough the s t ~ n dard 
err o= s of t h e e stima t e were no ti ce a bly r e du ced. This is 
u nderstandable sin ce , for i n st~ n~e , a third order polynomial 
hes t wo po in ts of i~fle x ion and can follow the data more closely. 
Ho wever , t h e resultant third order curve often showed a point 
of infle x ion when approaching thE lean limit, which was a 
property of the curve an d no t t he data. 
Thus second .order polynomial functions were used for the 
efficiency curves. One standard error of the estimate was 
represent e d by an I at a convenient point on thE curve. That 
this method offered a reasonable indication of the uncertainty 
in the results was established by the following test. The 
engine was prepared for an efficiency test with fuel-air mixture 
set close to stoichiometric. Th e efficiency was measured, then 
the spark timing and load were chang e d. The spark timins and 
load were then reset, not necessarily to their previous values 
but to the values determined by the same method as used previously. 
Again efficiency was measured. This process was repeated 12 
times anc the standard deviation calculated from the results. 
The st2ndard deviation so obtained was approximately t of the 
standard error of the estimate. Since data used to determine 
the standard error of the estimate were obtained over a number 
of days, the difference between the standard error of the 
estimate and standard devia tion was believed to be due to day-
to-day variations in operating conditions. 
It is possible to compute prediction intervals for the true 
means of the distributions of efficiency for fixed values of 
the equivalence ratio. If the regression curve is a straight 
line, the prediction intervals are represented by curved lines 
which are closest to the regression line at the mean equivalence 
ratio. This is because statistically the estimate of the 
efficiency is less precise as the distance from the mean 
equivalence · ratio increases. 
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The exper imental data have b een plotted toget he r wi th the fitt ed 
curves and stanc ard error of th e est i mate in Ap pen dix H. It i s 
clear from thEse that prediction intervals do not reflec t the 
a ctu2l distrib Ltion of the experime~tal data as effect ively as 
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Figure 53. Experimental Data and Fitted Curve for 
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Figure 54 . Experimen t al Data and Fitted Curv e for 
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